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14.  ABSTRACT 


Current  treatment  for  osteolytic  breast  cancer  bone  metastasis  typically  involves  radiation  therapy  (RTX)  to 
palliate  bone  pain  and  a  bisphosphonate  to  inhibit  osteoclastic  bone  resorption.  The  goal  of  this  research 
was  to  determine  the  effects  of  zoledronic  acid  as  an  adjunct  to  RTX  on  restoring  bone  strength  and  density. 
We  also  investigated  whether  the  combination  of  ZA  and  an  anabolic  agent  (parathyroid  hormone,  PTH)  as 
adjuncts  to  RTX  further  enhanced  bone  strength  and  thus  decrease  the  risk  of  subsequent  pathological 
fractures. 

Using  our  mouse  model  of  breast  cancer  bone  metastasis,  we  were  able  to  demonstrate  that  adjunct 
treatment  of  a  high  dose  of  ZA  (600  ug/kg,  accumulative  dose)  alone  or  in  combination  with  PTH  (800  ug/kg, 
accumulative  dose)  was  capable  of  restoring  bone  mineral  density  (BMD)  and  mechanical  strength  to  that  of 
a  normal  bone.  This  was  a  significant  improvement  compared  to  treatment  with  RTX  alone  in  which  BMD 
was  36.6%  lower  compare  to  normal  (p<0.0001)  and  mechanical  strength  was  2.4-fold  lower  compared  to 
normal  (p<0.0001).  There  were  no  significant  differences  in  BMD  or  mechanical  strength  between  mice 
treatment  with  RTX  and  ZA  or  ZA/PTG.  In  a  second  series  of  experiments  we  were  able  to  demonstrate  that 
a  clinically  relevant  of  ZA  (100  ug/kg,  accumulative  dose)  as  an  adjunct  to  RTX,  not  only  significantly 
increased  BMD  compared  to  treatment  with  RTX  alone  (p=0/026),  but  also  significantly  increased  BMD  by 
12.7%  compared  to  normal  (p=0.049.  Based  on  the  results  we  have  seen  so  far,  we  have  decided  that  it  is 
not  necessary  to  combine  ZA  and  PTH  in  order  to  restore  the  strength  and  bone  properties  of  tumor- 
burdened  bone  to  that  of  a  normal  bone.  These  results  have  also  led  us  to  investigate  the  effects  of  ZA  on 
breast  cancer  cells  and  osteoblasts  in-vitro. 


Table  of  Contents 


Page 

1.  Introduction .  2 

2.  Body .  2 

2.1:  Task  1  .  2 

2.2:  Task  2 .  11 

2.3:  Task  3 .  18 

3.  Key  Research  Accomplishments .  33 

4.  Reportable  Outcomes .  34 

5.  Conclusion .  35 

6.  References .  39 


7.  Appendices 


45 


1.  Introduction 

The  skeleton  is  the  third  most  common  site  of  metastasis  for  women  with  advanced  stage  breast  cancer 
(26,  34,  82).  Severe  osteolysis,  which  commonly  occurs  during  this  stage  of  the  disease,  can  lead  to 
skeletal  complications  including  pathological  fracture  and  severe  bone  pain.  Currently  patients  are  treated 
with  radiation  therapy  to  palliate  bone  pain  and  a  bisphosphonate  to  inhibit  ongoing  osteoclastic  bone 
resorption.  Results  from  clinical  trials  indicate  that  anywhere  from  6  to  26%  of  metastatic  bone  lesions 
treated  with  radiation  therapy  will  go  on  to  develop  pathological  fractures  (47,  83).  Clinical  data  has  also 
shown  that  zoledronic  acid,  a  third  generation  bisphosphonate,  decreased  the  number  of  skeletal  related 
events  by  39%  compared  to  placebo  (49).  Clinicians  recognize  that  prevention  of  skeletal  complications 
considerably  improves  the  quality  of  life  for  these  patients  (23);  and  although  bisphosphonates  can 
decrease  the  chances  of  a  patient  developing  a  skeletal  complication  many  are  still  at  risk.  In  an  effort  to 
address  this  issue  we  hypothesized  that  the  combination  of  an  anabolic  agent,  parathyroid  hormone  (PTH 
1-34)  in  conjunction  with  a  bisphosphonate  (zoledronic  acid,  ZA)  and  radiation  therapy  (RTX)  for  the 
treatment  of  metastatic  bone  lesion  from  breast  cancer  would  stimulate  new  bone  formation,  improve 
mechanical  properties,  and  thus  decrease  the  risk  of  subsequent  pathological  fractures. 

2.  Body 

2.1 :  Task  1:  Evaluation  of  PTH  and  ZA  as  adjuncts  to  RTX  for  the  treatment  of  focal  breast  cancer  bone 
metastasis  in  the  mouse. 

In  order  to  study  the  effects  of  PTH  and  ZA  as  adjuncts  to  RTX  for  the  treatment  of  an  established 
osteolytic  bone  metastasis  from  breast  cancer,  we  have  utilized  a  murine  model  developed  in  our  lab  (2), 
Appendix  A.  To  date,  two  full  studies  have  been  completed  and  a  third  study  is  currently  underway  (Table 
1).  Below  is  a  brief  description  of  the  materials  and  methods  used  for  these  three  studies,  followed  by 
results  and  justifications  for  the  next  study.  The  number  of  mice  used  for  histology  (H),  for  mechanics  (M), 
and  micro-CT  (pCT)  is  included  in  the  table. 


Table  1 :  Experimental  Design  for  /n  Vivo  Studies 


Mouse  Studies 

Study  1 

Study  2 

Study  3  (pilot) 

#of  tumor  cells 
injected  (FI  0) 

1  x  105 

2  x  104 

1  x  105 

Duration 

9  Weeks 

12  Weeks 

Variable 

Therapies 

Week  initiated 
post-surgery 

3  weeks 

4  Weeks 

Based  on  lesion 

Drug  Dose: 

All  injections  were 
given 

subcutaneous 

ZA:  lOOpg/kg,  weekly  for 

6  wks 

PTH:  80pg/kg,  daily  for  4 
wks 

ZA:  12.5pg/kg,  weekly 
for  8  wks 

Or 

ZA:  25pg/kg  weekly  for  4 
wks,  followed  by  PTH 
(80pg/kg)  daily  for  4  wks 

ZA:  25pg/kg,  weekly  for  4 
wks 

Or 

Saline  (vehicle) 

0  Gy 

H:  n  =  0 

M:  n  =  6 

H:  n  =  6 

M:  n  =  8 

pCT:  n  =  10 

20  Gy 

H:  n  =  6 

M:  n  =  6 

H:  n  =  6 

M:  n  =  8 

20  Gy  +  ZA 

H:  n  =  6 

M:  n  =  6 

H:  n  =6 

M:  n  =  8 

20  Gy  +  PTH 

H:  n  =  6 

M:  n  =6 

20  Gy  +  ZA  +  PTH 

H:  n  =  6 

M:  n  =  6 

H:  n  =  6 

M:  n  =  8 

ZA 

H:  n  =  6 

M:  n  =6 

pCT:  n  =  10 

Status 

Accepted  for  publication 
November  2007 

Preparing  manuscript  for 
publication 

Pilot  study  complete 
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Materials  and  Methods: 

Tumor  Cells 

F10  cells,  a  bone-adapted  clone  derived  from  the  human  MDA-MB-231  breast  carcinoma  cell  line  (93)(Dr. 
Toshiyuki  Yoneda,  UT  San  Antonio,  TX)  were  used  for  this  study.  Cells  were  cultured  in  Dulbecco’s 
modification  of  Eagle’s  medium  (DMEM)  supplemented  with  10%  (v/v)  fetal  calf  serum  (FCS)  and  1% 
penicillin-streptomycin-glutamine  (Gibco,  Grand  Island,  NY)  and  maintained  at  37°C  in  an  atmosphere  of 
5%  C02  in  air. 

Tumor  Cell  Inoculation 

Female  NCr  homozygous  nude  mice  (8  to  9  weeks  old,  20-25  grams  body  weight)  (Charles  River, 
Wilmington,  MA)  were  anesthetized  with  an  injectable  drug  cocktail  consisting  of  telazol  (45  mg/kg,  IM) 
and  xylazine  (7.5  mg/kg,  IM).  The  mice  were  weighed  and  the  hind  limbs  scrubbed  with  betadine  followed 
by  70%  ethanol.  With  the  knee  flexed,  a  small  incision  was  made  at  the  joint  and  the  patella  carefully 
moved  to  expose  the  distal  end  of  the  femur.  Using  a  sterile  26G  needle,  twenty  microliters  of  cell 
suspension  (containing  1  x  105or  2  x  104  F10  breast  cancer  cells)  were  injected  through  the  intercondylar 
fossa  of  the  right  femur  to  a  depth  of  approximately  5  mm.  Mice  were  housed  in  micro-isolators  with  a  12- 
hour  day/night  cycle  and  were  fed  a  diet  of  autoclaved  food  and  water  ad  libitum. 

Bone  Densitometry 

Dual-energy  X-ray  absorptiometry  (DEXA)  measurements  of  the  left  and  right  femora  were  obtained 
immediately  following  tumor  inoculation  and  at  three,  six,  nine,  and  twelve  weeks  using  a  dedicated 
mouse  bone  densitometer  (PIXImus  2;  GE  Lunar;  Madison,  Wl).  Bone  mineral  density  (BMD)  values 
(g/cm2)  were  determined  from  a  region  of  interest  that  encompassed  the  entire  femur. 

Mechanical  Testing 

Whole-limb  torsional  testing  was  performed  in  order  to  asses  the  mechanical  strength  of  tumor  burdened 
bones  in  which  the  primary  site  of  osteolysis  was  in  the  distal  femur.  This  method  has  been  previously 
described  (2).  Briefly,  the  proximal  femur  and  the  distal  tibia  were  embedded  in  poly-methylmethacrylate 
(PMMA)  using  an  alignment  fixture.  The  bone  was  then  placed  in  a  torsion  testing  jig  and  loaded  in 
external  rotation  at  a  rate  of  180°/min.  The  resulting  torque  (N-mm)  was  measured.  Energy  to  failure  (N- 
mm-degree)  was  determined  by  calculating  the  area  under  the  torque-rotation  curve.  Initial  stiffness  (N- 
mm/degree)  was  defined  as  the  first  50%  of  the  slope  to  torque  at  failure. 

Histological  Confirmation  of  Tumor 

Limbs  that  were  selected  for  histology  were  embedded  in  methylmethacrylate  (MMA)  according  to  the 
method  described  by  Erben  (27).  Embedded  bones  were  then  trimmed  on  a  low-speed  diamond  saw 
(Buehler,  Lake  Bluff,  IL)  and  5-pm  sections  were  cut  using  a  microtome.  Sections  were  stained  with 
modified  Masson’s  trichrome  stain  and  examined  by  light  microscopy  to  confirm  the  presence  of  tumor. 

Total  Bone  Analysis 

Prior  to  sectioning,  embedded  femora  were  scanned  using  a  micro-CT  scanner  (SCANCO  pCT  40, 
SCANCOMedical,  Zurich,  Switzerland).  X-ray  acquisition  settings  were  55  kVp  and  145  pA  with  an 
integration  time  of  200-ms.  Scans  were  performed  with  an  isotropic  voxel  size  of  12  pm  and  images  were 
reconstructed  in  1024  x  1024  pixel  matrices.  A  global  threshold  of  35%  maximal  grayscale  was 
determined  by  visual  inspection  to  best  distinguish  between  bone  and  non-bone  material.  Measurements 
of  total  bone  volume  in  the  distal  5  mm  of  the  femur  (BVtot)  were  obtained  from  transverse  slices  in  which 
the  region  of  interest  (ROI)  included  both  cortical  and  trabecular  bone.  For  measurements  of  fractional 
trabecular  bone  (BV/TV),  the  distal  femur  was  reconstructed  in  the  sagital  plane.  The  trabecular  bone  ROI 
was  drawn  to  include  all  cancellous  bone  in  the  metaphysis  region  extending  1  mm  from  the  base  of  the 
growth  plate. 

Statistics 

Analysis  of  variance  along  with  Fisher’s  PLSD  post-hoc  was  performed  to  analyze  differences  between 
groups.  Statistical  significance  was  taken  at  P  <  0.05. 
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Study  1:  Response  of  High  Dose  ZA  with  and  without  anabolic  agent  (PTH) 

The  specific  aim  of  this  first  study  was  to  determine  if  bone  that  had  been  affected  by  both  tumor-induced 
osteolysis  and  radiation  was  capable  of  regaining  normal  bone  density,  mechanical  strength  and  bone 
morphology.  Based  on  preliminary  data,  a  study  period  of  nine  weeks  was  thought  to  be  sufficient  time  to 
see  significant  improvement  in  bone  density  and  mechanical  strength  in  tumor-burdened  bones  treated 
with  ZA,  PTH,  or  ZA/PTH  as  adjuncts  to  radiation.  Previous  work  with  this  model  has  shown  that  mice  that 
do  not  receive  treatment  rarely  survive  to  nine  weeks;  therefore,  for  this  study  we  chose  not  to  have  an 
untreated,  0  Gy  group  for  histology.  Since  the  focus  of  this  study  was  to  determine  if  diseased  bone  was 
capable  of  “repair”,  we  selected  a  dose  of  ZA  that  was  much  higher  than  the  dose  given  clinically.  The 
rationale  behind  this  was  due  to  the  fact  that  this  model  system  produces  significant  osteolysis  that 
progresses  rapidly.  Therefore,  it  was  thought  that  a  higher  dose  of  ZA  may  be  required  to  combat  this  fast 
paced  bone  destruction.  In  this  first  study  the  ZA  and  PTH  were  administered  concurrently.  There  is 
conflicting  data  in  the  literature  as  to  whether  patients  who  have  been  on  bisphosphonates  and  then 
switch  to  PTH  for  treatment  of  osteoporosis  experience  a  blunted  anabolic  affect  from  the  PTH  (18,  22, 
35,  62,  63,  94).  Based  on  this  information  it  was  rationalized  that  giving  the  two  drugs  concurrently  may 
provide  the  best  environment  for  bone  “repair”.  In  this  first  study  we  also  wanted  to  determine  if  PTH  was 
capable  of  restoring  bone  density  and  mechanical  strength  when  used  in  combination  with  RTX  only. 
Although  the  use  of  PTH  in  patients  with  cancer  is  not  clinically  applicable,  it  was  used  in  this  study  to 
specifically  address  whether  an  anabolic  agent  was  capable  of  “repairing”  bone  that  was  affected  by  both 
tumor  and  radiation.  The  goals  of  study  one  were  to  establish  if  tumor-burdened  bone  treated  with 
radiation  was  capable  of  being  restored  to  normal  in  terms  of  both  bone  density  and  mechanical  strength; 
and  whether  this  “repair”  could  be  accomplished  with  an  anti-resorptive  agent,  such  as  ZA,  an  anabolic 
agent,  such  as  PTH,  or  if  it  would  require  the  combined  features  of  an  anti-resorptive  and  an  anabolic 
agent.  The  results  of  this  study  were  described  in  the  annual  report  for  2006  and  were  subsequently 
published  (Arrington,  JSO  2007)  (Appendix  A). 

Study  2:  Response  of  Clinical  Doses  of  ZA  with  and  without  Anabolic  Agent  (PTH) 

The  specific  aim  of  this  second  study  was  evaluate  the  effectiveness  of  a  clinically  relevant  dose  of  ZA  as 
an  adjunct  to  RTX,  with  regards  to  restoring  BMD  and  mechanical  properties  to  that  of  a  normal,  non¬ 
tumor  bearing  bone.  Based  on  the  results  of  the  first  study  we  wanted  to  see  if  the  anabolic  effects  of 
PTH  were  affected  by  administering  it  after  the  mouse  had  been  treated  with  ZA  for  four  weeks.  Taking 
into  consideration  that  the  mineralization  process  requires  time  to  develop,  we  decided  to  extend  the 
study  period  from  nine  weeks  to  twelve  weeks.  This  lengthened  study  time  also  allows  us  to  evaluate  the 
safety  aspects  of  these  drugs  in  terms  of  secondary  tumor  growth  in  distant  organs.  In  addition  to  the 
outcome  measures  analyzed  in  the  first  study,  the  second  study  included  a  more  detailed  analysis  of 
bone  microarchitecture  using  a  microCT  scanner  that  was  acquired  after  the  conclusion  of  the  first  study. 
These  data  allowed  us  to  evaluate  the  effects  of  these  adjunct  therapies  on  bone  geometry  and  possibly 
correlate  features  of  the  microarchitecture  with  mechanical  strength. 

Summary  of  Key  Results: 

Survival  and  Tumor  Engraftment 

At  the  end  of  the  study  three  mice  did  not  show  evidence  of  successful  tumor  engraftment  based  on  X-ray 
(two  OGy  and  one  20Gy  mouse)  and  were  therefore  not  analyzed.  Two  mice  died  during  their  two-week 
X-rays  due  to  anesthesia  and  a  third  mouse  was  euthanized  at  four  weeks  due  to  fracture  caused  by 
severe  osteolysis.  Six  femora  fractured  due  to  very  low  strength  during  processing  for  biomechanical 
testing  and  therefore  could  not  be  mechanically  tested. 


Effects  of  Radiation  Therapy  on  Tumor-Induced  Osteolysis:  total  bone  analysis 

Progression  of  tumor-induced  osteolysis  was  assessed  using  serial  radiographs.  Osteolysis  progressed 
quickly  in  mice  treated  with  0  Gy  (Figure  l.la-b)  and  none  of  the  mice  survived  past  eight  weeks  post¬ 
tumor  injection.  Treatment  with  20  Gy  appeared  to  slow  the  progression  of  osteolysis  (Figure  l.lc-e), 
however  significant  bone  loss  was  still  observed  at  the  end  of  study  (Figure  2.1  e).  Terminal  DEXA  and 
pCT  scans  confirmed  that  treatment  with  20  Gy  significantly  increased  BMD  and  total  bone  volume  in  the 
femur  compared  to  treatment  with  0  Gy  (11.2%,  p=0.030  and  47.2%,  p=0.032,  respectively)  (Figure  1.2). 
A  similar  trend  was  seen  for  measurements  of  bone  mineral  mass  (Figure  1 .2). 
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Figure  2.1  (a-k):  Comparative  Radiographs  of  Femora  Demonstrating  the 
Progression  of  Osteolysis  in  Tumor-Bearing  Bones 

Top  panel:  4  week  radiographs  taken  at  the  time  of  treatment  OGy  (a),  20Gy  (c),  20Gy+ZA  (f), 
20Gy+ZA+PTH  (i).  Middle  panel:  OGy  at  6  weeks  (terminal  X-ray)  (b),  20Gy  at  9  weeks  (d),  20Gy+ZA 
at  9  weeks  (g),  20Gy+ZA+PTH  at  9  weeks  (j).  Bottom  panel  (terminal  X-rays):  20Gy  at  1 1  weeks  (e), 
20Gy+ZA  at  1 1  weeks  (h),  and  20Gy  +ZA+PTH  at  1 1  weeks  (k).  Note  the  presence  of  osteolysis  in  the 
OGy  and  20Gy  treatment  groups. 


5 


OGy  20Gy  20Gy/ZA  20Gy/ZA+  Normal 

PTH 


B 


Total  Bone  Volume  in  the  Distal  Femur 


a,b,c,d 

T 

a,b,c  , 

T 

-L 

a 

c  T 

-It 

a 

_ 

OGy  20Gy  20Gy/ZA  20Gy/ZA+  Normal 

PTH 


Figure  2.2(A-C):  Quantification  of  Bone  in 
Tumor-Bearing  Femora  Compared  to 
Normal. 

BMD  measured  in  the  entire  femur.  Total 
bone  volume  (BVtot)  in  the  distal  5  mm  (A). 
Bone  mineral  mass  calculated  in  the  distal  5 
mm  (B).  Terminal  bone  mineral  mass  (BMM) 
in  the  distal  5  mm  (C). 
a  =  significantly  different  from  OGy 
b  =  significantly  different  from  20Gy 
c  =  significantly  different  from  normal 
d  =  20Gy  +  ZA  +  PTH  is  significantly  different 
from  20Gy  +  ZA. 

Statistical  significance  was  taken  at  p<0.05) 


Terminal  Bone  Mineral  Mass 


Effects  of  Radiation  Therapy  on  Tumor-Induced  Osteolysis:  microarchitecture  and  biomechanical  strength 

Normal  bones  have  an  average  BV/TV  of  17%.  Mice  treated  with  0  Gy  sustained  a  severe  loss  of 
trabecular  bone  with  an  average  BV/TV  of  less  than  1%  and  mice  treated  with  20  Gy  displayed  an 
average  BV/TV  of  3%  (p=0.025  and  p=0.053,  respectively  compared  to  normal).  There  was  not  a 
significant  difference  in  trabecular  number  or  thickness  between  tumor-bearing  bones  treated  with  20  Gy 
and  normal  bones  (p=0.885  and  p=0.798,  respectively)  (Table  2.2).  However,  connectivity  density  was 
dramatically  decreased  in  the  20Gy  treatment  group  compared  to  normal  (p=0.0007).  3D  reconstructions 
clearly  demonstrated  substantial  trabecular  bone  loss  in  bones  treated  with  20  Gy  compared  to  normal 
(Figure  1 .3).  Mice  in  the  OGy  group  did  not  contain  enough  trabecular  bone  for  accurate  measurements  to 
be  made.  Consistent  with  the  loss  of  trabecular  bone,  tumor-burdened  bones  treated  with  20  Gy  exhibited 
a  46%  decrease  in  peak  torque  (p=0.045),  a  59%  decrease  in  energy  to  failure  (p=0.005),  and  a  14% 
decrease  in  initial  stiffness  (p=0.726)  compared  to  normal  bone  (Table  1.3).  There  was  no  significant 
difference  in  biomechanical  strength  between  the  OGy  and  20Gy  treatment  groups. 
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Effect  of  ZA  as  an  Adjunct  to  Radiation  Therapy 

Radiographs  clearly  demonstrated  that  20Gy+ZA  reduced  the  extent  of  osteolysis  compared  to  20Gy 
alone  (Figure  1.1  c-h).  The  combination  of  radiation  and  ZA  increased  BMD  (p=0.0002),  total  bone 
volume  (p=0.018),  and  bone  mineral  mass  (p=0.015)  in  the  tumor-burdened  femur  compared  to  20Gy 
alone  (Figure  1.2).  It  should  be  noted  that  treatment  with  20Gy+ZA  significantly  increased  BMD,  total 
bone  volume  and  bone  mineral  mass  in  tumor-bearing  bones  compared  to  normal  (p=0.002,  p=0.044, 
and  p=0.039,  respectively). 


Adjunct  treatment  with  ZA  appeared  to  improve  both  microarchitecture  and  biomechanical  strength 
compared  to  treatment  with  radiation  alone.  Mice  treated  with  20Gy+ZA  exhibited  very  similar  fractional 
trabecular  bone  volume  and  microarchitecture  to  normal  bone  (Table  2.2).  There  was  no  significant 
difference  in  BV/TV,  trabecular  number,  trabecular  thickness,  or  connectivity  density.  Treatment  with 
20Gy+ZA  dramatically  improved  BV/TV  and  the  microarchitecture  of  trabecular  bone  in  tumor-burdened 
bones  compared  to  20Gy  (Figure  1 .3  B-C),  however  the  trabecular  bone  was  not  completely  restored  to 
that  of  normal  bone  (Figure  1.3A).  Treatment  with  20Gy+ZA  increased  torque  at  failure  104%  (p=0.014) 
and  energy  to  failure  120%  (p=0.015)  compared  to  treatment  with  20  Gy  alone.  There  was  no  significant 
difference  in  biomechanical  strength  between  normal  bones  and  tumor-burdened  bones  treated  with 
20Gy+ZA  (Table  1 .3). 


Figure  2.3(a-d):  Terminal  3D  Micro-CT 
Reconstructions  of  Trabecular  Bone  in 
Normal  and  Tumor-Bearing  Femora  Note 
the  amount  of  trabecular  bone  loss  observed 
in  femora  treated  with  20  Gy  (b)  compared  to 
the  bones  treated  with  20Gy  +  ZA  (c)  or 
20Gy  +  ZA  +  PTH  (d).  Also  note  the 
increased  trabecular  thickness  in  bones 
treated  with  20Gy  +  ZA  +  PTH  (d)  compared 
with  normal  (a). 
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Table  2.2:  Microarchitecture  comparisons  between  normal  bones  and  tumor-bearing  bones  treated  with  20 
Gy,  20Gy  +  ZA  and  20Gy  +  ZA  +  PTH  (1-34) 

Trabecular  indices  were  not  calculated  for  mice  treated  with  OGy  since  BV/TV  was  less  than  1%. 


Normal* 

(n=5) 

20Gy  (n=5) 

20Gy  +  ZA  (n=6) 

20Gy  +  ZA  +  PTH  (n=4) 

Mean 

SD 

Mean 

SD 

ANOVA 
p  Value 

Mean 

SD 

ANOVA 
p  Value 

Mean 

SD 

ANOVA 
p  Value 

BV  (mm3) 

6.537 

0.476 

6.181 

0.963 

0.683 

8.304 

1.503 

0.0442 

10.701 

2.276 

0.0002 

BV/TV  (%) 

0.174 

0.027 

0.029 

0.020 

0.053 

0.175 

0.131 

0.990 

0.217 

0.229 

0.566 

Tb.N.  (1/mm) 

3.178 

0.715 

3.383 

0.530 

0.885 

4.471 

4.621 

0.346 

3.882 

1.303 

0.640 

Tb.Th.  (mm) 

0.064 

0.007 

0.069 

0.015 

0.798 

0.078 

0.021 

0.479 

0.12 

0.068 

0.020 

Con.D.  (1/mm3) 

123.2 

24.400 

5.38 

4.920 

0.0007 

75.8 

77.800 

0.107 

103 

58.700 

0.524 

*  Normal  bones  are  the  left,  non-operated  limbs  of  the  20Gy  mice;  p -values  are  taken  with  respect  to  normal 


Table  2.3:  Effects  of  ZA  and  PTH  on  the  mechanical  strength  of  tumor-burdened  bone 


Treatments 

Torque  at  Failure 

N-mm  ANOVA 

Mean  SD  P  Value* 

Energy  to  Failure 

N-mm-degree  ANOVA 

Mean  SD  P  Value* 

Initial  Stiffness 

N-mm/degree  ANOVA 

Mean  SD  P  Value* 

Normal  (n=7) 

16.914 

4.316 

- 

599.12 

79.69 

- 

0.184 

0.133 

- 

0  Gy  (n=5) 

5.572 

6.274 

0.007 

154.53 

174.83 

0.001 

0.072 

0.092 

0.143 

20  Gy  (n=6) 

9.098 

5.576 

0.045 

244.98 

169.7 

0.005 

0.159 

0.102 

0.726 

20Gy/ZA  (n=8) 

18.545 

9.407 

0.640 

539.18 

329.9 

0.584 

0.275 

0.162 

0.176 

20Gy/ZA/PTH  (n=6) 

15.122 

5.59 

0.633 

429.1 

150.2 

0.155 

0.256 

0.108 

0.312 

*  P  Values  are  with  respect  to  the  normal  limbs  (the  left  limbs  of  the  20  Gy  mice).  Significance  taken  at  P  <  0.05. 
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Effect  ofZA  and  PTH  as  Adjuncts  to  Radiation  Therapy 

Similar  to  the  effect  seen  with  20Gy+ZA,  mice  treated  with  20Gy+ZA+PTH  demonstrated  decreased 
osteolysis  on  X-ray  compared  to  those  treated  with  20Gy  alone  (Figure  1.1  i-k).  There  was  a  marked 
increase  in  BMD,  total  bone  volume  and  bone  mineral  mass  for  the  20Gy+ZA+PTH  treated  mice 
compared  to  20Gy,  20Gy+ZA  and  normal  groups  (Figure  1.2).  Microarchitecture  measures  for  the 
20Gy+ZA+PTH  group  had  higher  specimen-to-specimen  variability  when  compared  to  normal  bone, 
which  reduced  statistical  power  (Table  2.2).  Average  BV/TV  increased  from  17%  measured  in  normal 
bones  and  20Gy+ZA  treated  bones,  to  22%  in  the  20Gy+ZA+PTH  group  (p=0.566  and  p=0.559, 
respectively).  Trabecular  thickness  increased  by  54%  compared  to  20Gy+ZA  (p=0.065)  and  87% 
compared  to  normal  (p=0.020).  This  increase  in  trabecular  thickness  is  clearly  evident  on  3D 
reconstructions  of  the  trabecular  bone  (Figure  1.3).  Tumor-burdened  bones  treated  with  20Gy+ZA+PTH 
had  biomechanical  strength  measures  that  were  similar  to  the  20Gy+ZA  and  normal  groups  (Table  1 .3). 


Effect  of  ZA  and  PTH  on  Normal  Bone 

Unlike  radiation  therapy  which  is  locally  administered  to  tumor-burdened  bones,  ZA  and  PTH  are 
systemic  and  may  have  an  effect  on  normal  bones.  The  left,  non-tumor  bearing  femora  of  the  20Gy+ZA, 
20Gy+ZA+PTH  treated  mice  were  compared  to  the  left  femora  of  the  20Gy  only  treated  animals  (control 
femora).  There  was  no  significant  difference  in  BMD  between  any  of  the  groups.  However,  total  bone 
volume  in  the  distal  5  mm  was  significantly  affected  by  ZA  and  ZA+PTH.  Normal  bones  exposed  to  ZA 
displayed  a  42%  in  BV,  where  bones  exposed  to  ZA+PTH  had  a  57%  increase  in  BV  compared  to  normal 
(p=0.0008  and  p=0.0004,  respectively)  (Figure  1.4).  There  was  no  significant  difference  in  total  bone 
volume  between  the  ZA  and  ZA+PTH  treated  bones  (p=0.245).  These  results  suggest  that  ZA  and 
ZA+PTH  are  capable  of  increasing  bone  volume  in  normal,  non-diseased  bones. 


Total  BV  in  the  Distal  5  mm 


Figure  1.4:  Total  Bone  Volume  in  the  Distal  5 
mm  of  Normal  Bone 

Non-tumor  bearing  bones  exposed  to  PTH 
and/or  ZA  displayed  increased  bone  volume  in 
the  distal  5  mm  of  the  femur  compared  to  normal 
bone. 

a  =  significantly  different  from  normal. 
Significance  taken  at  p<0.05. 


DISCUSSION 

The  model  system  used  in  this  study  allowed  us  to  directly  compare  the  effectiveness  of  three  different 
therapy  regimens  with  regards  to  the  quality  (trabecular  microarchitecture)  and  quantity  (BMD  and  bone 
volume)  of  bone  and  biomechanical  strength.  There  was  a  large  decrease  in  biomechanical  strength  in 
tumor-burdened  bones  treated  only  with  radiation  (20Gy)  and  this  was  associated  with  a  decrease  in 
trabecular  bone  in  the  distal  femur.  Interestingly,  other  measures  of  bone  mass  including  BMD,  total  bone 
volume,  and  bone  mineral  mass  did  not  change  between  the  normal  and  20Gy  treated  mice.  This 
suggests  that  loss  of  trabecular  bone  may  play  an  important  role  in  bone  strength.  A  clinically  relevant 
dose  of  zoledronic  acid,  given  as  an  adjunct  to  radiation  therapy,  improved  trabecular  micro-architecture, 
with  resulting  biomechanical  strength  not  different  from  normal.  In  addition,  there  was  accrual  of  bone 
such  that  ZA  treated  bones  had  greater  total  bone  volume  when  compared  to  normal  femora.  Finally,  the 
combined  adjunct  therapy  of  zoledronic  acid  (an  antiresorptive  agent),  followed  by  hPTH(1-34)NH2  (an 
anabolic  agent)  did  not  lead  to  further  increases  in  bone  strength.  However,  this  combined  therapy  did 
cause  increased  trabecular  thickness  and  total  bone  volume,  suggesting  that  ZA  did  not  blunt  the 
anabolic  effect  of  PTH. 
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Although  this  pre-clinical  in-vivo  model  does  not  allow  us  to  study  the  physiological  process  of  bone 
metastases,  including  natural  spread  from  a  primary  tumor,  the  controlled  location  allows  us  to  implement 
consistent  radiation  therapy  and  biomechanically  test  all  bones.  In  addition,  the  use  of 
immunocompromised  mice  precludes  studies  on  the  immune  response.  One  challenge  with  the  current 
model  system  is  that  tumor  osteolysis  does  not  progress  at  the  same  rate  in  all  animals.  The  range  of 
disease  progression  at  the  start  of  treatment  may  also  impact  the  effectiveness  of  the  therapies. 
Interestingly,  in  this  study  large  variances  in  outcomes  were  seen  among  mice  treated  with  ZA  alone  or  in 
combination  with  PTH.  This  tends  to  suggest  that  the  effectiveness  of  these  therapies  may  depend  on  the 
degree  of  osteolysis  present  when  treatment  is  initiated.  Future  studies  will  focus  on  treating  each  animal 
as  a  single  patient  with  therapy  initiated  when  osteolysis  is  positively  identified  on  radiograph  and 
changes  in  bone  volume  quantified  by  serial  pCT. 


Another  limitation  of  this  model  is  that  pCT  was  not  performed  on  the  same  bones  used  for  mechanical 
testing.  In  order  to  obtain  accurate  measurements  from  pCT  scans,  the  specimens  need  to  be  precisely 
aligned  in  the  scanner.  Although  attempts  were  made  to  design  alignment  fixtures  to  support  the  entire 
mouse  femur,  it  was  not  possible  to  consistently  and  accurately  position  the  bones.  Due  to  the  fragility  of 
the  bones,  the  extra  stress  applied  to  them  during  alignment  was  enough  to  cause  fracture.  Therefore, 
direct  correlations  between  bone  strength  and  trabecular  architecture  could  not  be  made  on  a  bone-to- 
bone  basis.  However,  the  clear  differences  between  the  treatment  groups  with  regards  to  both 
microarchitecture  and  bone  strength  suggest  that  loss  of  trabecular  bone  has  a  substantial  effect  on 
biomechanical  strength.  Future  studies  will  focus  on  developing  biomechanical  testing  protocols  that  can 
be  performed  in  conjunction  with  pCT  scans  to  allow  direct  correlations  to  be  made  between  bone 
strength  and  trabecular  architecture. 


The  study  component  using  hPTH(1-34)NH2  should  be  viewed  as  a  proof  of  concept,  rather  than  a  pre- 
clinical  test  of  a  therapy  that  could  be  applied  in  a  clinical  setting.  Clearly,  hPTH(1-34)NH2  cannot  be  used 
in  cancer  patients  due  to  the  potential  risk  of  increased  tumor  growth  and/or  increased  risk  of 
osteosarcoma  (21).  However,  hPTH(1-34)NH2  is  a  potent  anabolic  agent  and  is  an  appropriate  selection 
for  a  proof-of-concept  treatment  given  its  success  in  promoting  bone  accrual  in  the  treatment  of 
osteoporosis  (18).  However,  due  to  the  potential  risk  of  increased  tumor  growth  with  PTH  administration, 
we  did  not  evaluate  a  20Gy/PTH  treatment  group  in  this  study.  The  four-week  delay  in  administration  of 
hPTH(1-34)NH2  following  radiation  was  used  to  reduce  the  risk  of  increased  tumor  growth  that  may  be 
caused  by  hPTH(1-34)NH2.  Both  radiation  and  zoledronic  acid  have  been  shown  to  induce  apoptosis  in 
breast  cancer  cells  (19,  32,  38,  45,  74,  76,  77,  85).  However,  it  should  be  noted  that  in-vitro  studies 
indicate  that  it  requires  relatively  high  concentrations  of  zoledronic  acid,  in  the  range  of  10-100  pM,  to 
induce  apoptosis  in  cancer  cells.  Even  though  the  /'n-vivo  plasma  concentration  of  zoledronic  acid  is 
expected  to  be  much  lower,  our  treatment  regime  should  significantly  reduce  the  number  of  viable  tumor 
cells  prior  to  treatment  with  hPTH(1-34)NH2.  Although  previous  studies  have  shown  that  the  effects  of 
PTH  (1-34)  can  be  blunted  when  administered  after  the  patient  has  been  treated  with  a  bisphosphonate 
(22,  35),  these  studies  were  performed  within  the  context  of  osteoporosis  rather  than  tumor  osteolysis. 
Since  the  nature  of  the  disease  is  quite  different  between  osteoporosis  and  tumor-induced  osteolysis,  we 
sought  to  determine  if  hPTH(1-34)NH2  could  enhance  bone  quality  and  strength  in  our  murine  model  of 
tumor-induced  osteolysis. 


The  results  of  the  current  study  provide  insights  into  the  relationship  between  bone  quality  and  strength. 
Previous  animal  studies  have  demonstrated  that  osteolytic  lesions  treated  with  radiation  therapy  and/or  a 
bisphosphonate  are  capable  of  regaining  normal  BMD  and  bone  strength  (1 1 ,  24,  50-52).  However,  it  is 
well  documented  in  osteoporosis  literature  that  measures  of  BMD  are  not  always  predictors  of  bone 
strength  (28,  41,  87).  In  the  present  study  we  demonstrated  that  although  BMD  and  total  bone  volume 
were  not  significantly  different  from  normal  in  tumor-burdened  bones  treated  with  radiation  only,  these 
bones  were  significantly  weaker  than  normal  femora.  These  results  support  the  argument  that  BMD  is  a 
poor  predictor  of  bone  strength  particularly  in  tumor  osteolysis,  where  3D  microarchitectural  changes  are 
prominent.  The  addition  of  bisphosphonates  alone  or  in  combination  with  anabolic  agents  as  adjuncts  to 
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radiation  therapy,  appear  to  preserve  trabecular  architecture  and  maintain  or  increase  bone  strength. 
Taken  together,  these  results  support  the  hypothesis  that  trabecular  architecture  is  a  major  contributor  to 
bone  strength  (41),  and  that  excessive  thinning  or  loss  of  connectivity  predisposes  the  bone  to  fracture 
(3,  4,  80).  Through  this  study,  we  are  able  to  begin  to  understand  why  clinical  lesions  treated  with 
radiation  therapy  remain  at  high  risk  for  pathological  fracture  (47)  and  that  adjuvant  treatment  with 
antiresorptive  agents  alone  or  in  combination  with  anabolic  agents  may  reduce  fracture  risk  by  restoring 
or  maintaining  trabecular  bone.  Future  studies  should  focus  on  developing  techniques  to  correlate 
trabecular  bone  architecture  and  biomechanical  strength. 

2.2:  Task  2:  To  evaluate  the  response  of  tumor-burdened  bone  to  treatment  with  zoledronic  acid  and  to 
determine  whether  microarchitecture  and  biomechanical  strength  can  be  restored  to  normal 

Pre-clinical  animal  models  play  a  critical  role  in  increasing  our  understanding  of  human  diseases  and  in 
developing  therapies  to  treat  these  diseases.  These  models  also  aid  in  the  development  of  new  imaging 
technologies  that  can  be  used  in  the  clinical  setting.  Some  diseases  that  rely  heavily  on  imaging 
techniques  to  monitor  disease  progression  and  therapeutic  efficacy  include  osteoporosis,  arthritis,  heart 
disease,  and  cancer.  Several  imaging  techniques  are  currently  available  for  use  in  a  pre-clinical  setting, 
ranging  from  X-rays  and  DEXA  scans  to  more  sophisticated  techniques  that  involve  the  imaging  of 
fluorescent  molecular  probes  and  bioluminescent  tumor  cells  (31).  In  the  course  of  this  dissertation  we 
have  explored  the  use  of  some  of  these  technologies  in  our  mouse  model  of  tumor-induced  osteolysis.  In 
this  chapter  we  would  like  to  discuss  the  development  of  our  in  vivo  pCT  protocol. 

Accurate  quantification  of  bone  loss  and  changes  in  bone  microarchitecture  are  critical  for  assessing  the 
efficacy  of  anti-resorptive  and  anabolic  agents  used  to  treat  bone  loss.  In  addition,  these  measurements 
can  potentially  be  used  as  surrogates  for  estimates  of  bone  strength.  Prior  to  the  development  of  pCT 
scanners,  changes  in  bone  density  and  morphology  were  measured  using  dual  energy  X-ray 
absorptiometry  (DEXA),  peripheral  quantitative  computed  tomography  (pQCT),  X-rays,  and  histology. 
DEXA  and  pQCT  scans  allow  for  quantification  of  relative  changes  in  bone  density,  but  do  not  allow 
assessment  of  total  bone  volume  or  trabecular  microarchitecture.  However,  these  techniques  are  non- 
invasive  and  can  be  repeated  throughout  the  course  of  a  study  on  the  same  animal.  Although  X-rays  can 
also  be  obtained  serially  and  are  capable  of  depicting  the  progression  of  bone  loss,  it  is  difficult  to 
accurately  and  objectively  quantify  these  changes.  Histology  has  been  the  gold  standard  for  assessing 
total  bone  volume  and  quantifying  trabecular  microarchitectural  properties.  However,  this  technique  is 
destructive  to  the  tissue  and  can  only  be  performed  on  post-mortem  samples.  In  addition,  histology  is 
very  time  consuming  and  can  become  increasingly  more  difficult  to  perform  as  the  degree  of  bone 
destruction  increases.  Although  these  techniques  provide  a  metric  for  monitoring  bone  destruction  over 
time  and  quantification  of  bone  loss  at  the  end  of  the  study,  they  are  not  amenable  to  detecting  changes 
in  bone  structure  over  time  in  response  to  disease  and/or  therapy.  And  possibly  even  more  importantly, 
they  do  not  provide  a  way  to  correlate  changes  in  bone  morphology  with  bone  strength.  Although 
histology  can  technically  be  performed  on  mechanically  tested  bones,  the  resulting  morphology  will  not 
accurately  represent  the  structure  of  the  bone  at  the  time  of  testing. 

The  development  of  in  vivo  pCT  scanners  has  addressed  some  of  the  limitations  associated  with  DEXA, 
pQCT,  X-ray,  and  histology.  Additionally,  in-vivo  whole-body  CT  scans  of  a  mouse  can  be  equated  to 
whole-body  human  CT  scans  used  clinically.  Development  of  a  pre-clinical  model,  in  which  serial  CT 
scans  could  be  correlated  to  fracture  risk  would  therefore  be  easily  translated  into  clinical  practice.  The 
goal  of  this  pilot  study  was  to  develop  a  protocol  to  image  tumor-burdened  femora  using  an  in-vivo  pCT 
scanner  and  to  assess  whether  serial  scans  could  be  used  to  quantify  the  progression  of  tumor-induced 
osteolysis  and  response  to  therapy.  In  an  effort  to  be  more  clinically  relevant,  we  sought  to  treat  each 
mouse  as  an  individual  patient,  initiating  treatment  only  when  osteolysis  was  detectable  on  X-ray.  In 
addition,  we  wanted  to  be  certain  that  we  were  consistent  in  administering  therapy  as  a  treatment  for  an 
established  lesion,  rather  than  as  a  preventative  measure.  Using  this  approach,  we  hypothesized  that  in- 
vivo  CT  scans  taken  when  osteolysis  was  first  detected  on  radiograph  and  again  four  weeks  later  would 
demonstrate  a  significant  decrease  in  total  bone  volume  and  bone  mineral  content.  In  addition,  we 
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hypothesized  that  bones  treated  with  zoledronic  acid,  starting  the  day  of  the  first  CT  scan,  would  exhibit 
improved  bone  volume  and  mineral  content  and  decreased  osteolysis  compared  to  untreated  bones. 

Materials  and  Methods 

Study  Design 

The  right  femur  of  20  female  nude  mice  was  injected  with  human  breast  cancer  cells  as  previously 
described  (2).  The  development  of  osteolytic  lesions  was  monitored  by  weekly  X-rays  and  a  radiographic 
scoring  scheme  (90)  was  implemented  as  a  screening  modality  to  identify  mice  with  established  lesions. 
In  this  study,  when  a  mouse  received  a  score  of  1  to  2,  it  was  selected  to  start  treatment  (zoledronic  acid 
or  saline)  and  was  scanned  on  the  in-vivo  pCT  scanner.  Mice  were  treated  once-weekly  for  four  weeks 
and  then  euthanized.  However,  if  a  mouse  displayed  severe  osteolysis  (lysis  score  of  4)  it  was  euthanized 
immediately.  All  mice  were  then  scanned  a  second  time  on  the  in  vivo  pCT  scanner.  3D  reconstructions 
of  the  initial  and  final  bone  scans  were  created  and  total  bone  volume  and  mineral  content  were 
calculated.  All  experimental  procedures  used  in  this  study  were  reviewed  and  approved  by  the  local 
IACUC. 

Tumor  Cells 

F10  cells,  a  bone-adapted  clone  derived  from  the  human  MDA-MB-231  breast  carcinoma  cell  line  (92) 
(Dr.  Toshiyuki  Yoneda,  UT  San  Antonio,  TX)  were  used  for  this  study.  Cells  were  cultured  in  Dulbecco’s 
modification  of  Eagle’s  medium  (DMEM)  supplemented  with  10%  (v/v)  fetal  calf  serum  (FCS)  and  1% 
penicillin-streptomycin-glutamine  (Gibco,  Grand  Island,  NY)  and  maintained  at  37°C  in  an  atmosphere  of 
5%  C02  in  air. 

Tumor  Cell  Inoculation 

Female  NCr  homozygous  nude  mice  (8  to  9  weeks  old,  20-25  grams  body  weight,  n=20)  (Charles  River, 
Wilmington,  MA)  were  anesthetized  with  an  injectable  drug  cocktail  consisting  of  Telazol®  (45mg/kg,  IM) 
and  xylazine  (7.5  mg/kg,  IM).  A  small  incision  was  made  at  the  knee  joint  and  the  patella  carefully  moved 
to  expose  the  distal  end  of  the  femur.  Using  a  sterile  26G  needle,  twenty  microliters  of  cell  suspension 
(containing  1  x  105  F10  breast  cancer  cells)  were  injected  through  the  intercondylar  fossa  of  the  right 
femur  to  a  depth  of  approximately  5  mm.  The  contra-lateral  limb  served  as  an  internal  control.  Mice  were 
housed  in  micro-isolators  with  a  12-hour  day/night  cycle  and  were  fed  a  diet  of  autoclaved  food  and  water 
ad  libitum. 

Radiographic  Evaluation  of  Osteolysis 

Lateral  radiographs  were  obtained  weekly  starting  at  time  of  surgery  using  a  Faxitron  MX-20  (Faxitron  X- 
ray  Corporation;  Buffalo  Grove,  IL)  and  MIN-R  2000  mammography  film  (Kodak;  Rochester,  NY).  A 
standardized  scoring  system  was  used  to  evaluate  radiographic  lesions  in  the  femur.  A  grade  of  zero 
represented  no  lysis,  1+  indicated  minimal  but  detectable  lysis  within  the  medullary  canal,  2+  represented 
moderate  lysis  limited  to  the  medullary  canal,  3+  reflected  severe  medullary  lysis  with  cortical  involvement 
and  4+  indicated  massive  lysis  with  cortical  destruction  and  soft  tissue  extension  (90). 

Treatment  Schedule 

Following  radiographic  evaluation,  mice  that  received  a  score  of  1  to  2  were  selected  to  start  therapy. 
Mice  were  randomly  allocated  for  treatment  with  100  pi  of  saline  or  25  pg/kg  of  zoledronic  acid  (ZA, 
Novartis,  Switzerland)  once  weekly  for  four  weeks. 

In-vivo  pCT  Scanning 

Mice  were  scanned  on  a  MicroCAT  II  (Siemens  Preclinical  Solutions,  Malvern,  PA).  In  an  effort  to  reduce 
the  number  of  scans  and  scan  time,  a  customized  sled  was  designed  on  which  two  mice  could  be  placed 
tail-to-tail.  Using  this  setup,  only  the  caudal-half  of  each  mouse  was  included  in  the  scan  region.  This 
reduced  the  amount  of  radiation  exposure  to  the  whole  animal,  while  allowing  for  increased  resolution.  X- 
ray  acquisition  settings  were  80  kVp  and  500  pA  with  an  integration  time  of  400-ms.  Scans  were 
performed  with  an  isotropic  voxel  size  of  42  pm. 
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For  the  survival  scans,  mice  were  anesthetized  with  an  injectable  drug  cocktail  consisting  of  Telazol® 
(45mg/kg,  IM)  and  xylazine  (7.5  mg/kg,  IM)  in  a  laminar  flow  hood.  The  sled  and  scanning  tube  were 
disinfected  in  between  each  scan.  A  custom  foam  support  was  placed  between  the  legs  of  each  mouse  in 
an  effort  to  keep  the  hind  limbs  flexed  and  parallel  to  one  another.  Mice  were  then  taped  to  the  sled  using 
3M  transpore  tape  and  the  sled  was  placed  inside  the  scanning  tube.  A  thin  wire  heating  pad  was  placed 
underneath  the  sled  to  keep  the  mice  warm  during  the  scan  session,  which  lasted  approximately  32 
minutes.  Terminal  scans  were  performed  post-mortem  and  mice  were  simply  taped  to  the  sled  and  placed 
inside  the  scanning  tube. 

Axial  scan  slices  were  imported  into  Mimics  3D  reconstruction  software  (Materialise  US,  Ann  Arbor,  Ml).  A 
hydroxyapatite  (HA)  phantom  was  used  to  calibrate  gray-scale  levels,  and  a  threshold  of  400  mg/cc  HA 
was  used  to  distinguish  bone  from  surrounding  tissue.  The  distal  5  mm  of  the  femur  was  then  isolated  for 
both  the  normal  and  tumor  bearing  limbs.  The  average  HA  density  and  total  bone  volume  (BV)  for  each 
femur  was  then  determined.  Bone  mineral  content  (BMC)  was  calculated  by  multiplying  the  total  bone 
volume  by  the  HA  density. 

Statistics 

Analysis  of  variance  (ANOVA)  with  a  Fisher’s  PLSD  post-hoc  was  performed  to  determine  differences 
between  groups  and  a  paired  t-test  was  performed  to  determine  differences  between  the  initial  and 
terminal  pCT  scans.  Significance  was  taken  at  p<0.05. 

Results 

Tumor  Engraftment  and  Survival 

All  of  the  mice  survived  surgery  with  no  complications.  At  seven  day  post-tumor  injection,  one  mouse  died 
while  anesthetized  for  X-ray.  An  additional,  two  mice  did  not  survive  their  first  in-vivo  pCT  scan  due  to 
anesthesia.  At  six  weeks,  four  mice  showed  no  signs  of  osteolysis  on  radiograph  and  were  excluded  from 
the  study.  At  three  weeks  post-tumor  injection,  eight  mice  displayed  lytic  lesions  with  a  score  of  1  or  2.  At 
four  weeks,  four  more  mice  had  established  bone  lesions,  and  at  five  weeks  the  remaining  three  mice  had 
identifiable  lytic  lesions  (Figure  2.1).  All  mice  were  euthanized  by  six  weeks  after  tumor  injection  due  to 
completion  of  drug  therapy  or  severe  osteolysis. 

Assessment  of  Total  Bone  Loss 

Total  bone  volume  was  18%  lower  in  tumor  bearing  bones  compared  to  normal  bones  at  the  start  of 
treatment  (p<0.0001)  (Figure  2.2).  There  was  no  difference  in  BV  between  mice  selected  for  treatment 
with  vehicle  or  ZA,  both  at  the  start  of  treatment  and  at  the  end  of  the  study  (p=0.988  and  p=0.454, 
respectively)  (Figure  2.5).  A  similar  trend  was  seen  for  BMC  (Table  2.1).  At  the  end  of  the  study,  tumor 
bearing  femora  displayed  an  average  35%  decrease  in  BV  compared  to  the  normal  limb  (p<0.0001) 
(Figure  2.3).  This  represents  an  additional  15.7%  decrease  in  BV  compared  to  the  initial  scan  (p=0.0184). 
Although  not  statistically  different,  mice  treated  with  ZA  appeared  to  lose  bone  at  a  slower  rate  (0.06 
mm3/day  ±0.10)  compared  to  vehicle  treated  mice  (0.20  mnv/day  ±0.17)  (p=0.095). 

Treatment  with  Zoledronic  Acid  does  not  Reduce  Fracture  Risk 

In  this  study  seven  mice  were  treated  with  zoledronic  acid  and  eight  were  treated  with  vehicle  (saline).  Of 
these  mice,  only  two  in  the  ZA  treatment  group  survived  long  enough  to  receive  all  four  doses  of  drug.  Of 
the  mice  treated  with  vehicle,  none  of  them  survived  beyond  five  weeks  post-tumor  injection  (Figure  2.4). 
3D  reconstructions  of  the  femora  revealed  that  four  of  the  vehicle  treated  mice  and  six  of  the  ZA  treated 
mice  had  completely  fractured.  Two  of  the  mice  treated  with  ZA  demonstrated  an  apparent  increase  in 
BV.  3D  reconstructions  revealed  that  osteolysis  was  still  occurring  in  the  metaphyseal  region;  however 
cortical  thickness  appeared  to  be  increasing  (Figure  2.5). 
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Weeks  following  Tumor  Injection 


Figure  2.1:  Development  and 
Progression  of  Osteolysis 

Mice  were  injected  with  tumor  at 
week  0.  Following  weekly  X-rays, 
mice  were  assigned  to  vehicle  or 
ZA  when  they  developed  a  lytic 
lesion.  Mice  were  treated  for  4 
weeks  and  then  euthanized.  63% 
of  the  mice  developed  lesions 
between  3  and  4  weeks  following 
tumor  injection.  By  6  weeks,  69% 
of  the  mice  with  successful  tumor 
engraftment  were  taken  off  study 
due  to  impending  fracture.  Four 
mice  did  not  develop  lesions. 


Table  2.1:  Bone  Mineral  Content  in  the  Distal  5  mm 

There  was  no  significant  difference  in  BMC  between  mice  assigned  for 
vehicle  or  ZA  treatment.  Terminal  BMC  did  not  increase  with  ZA  treatment. 
(Significance  taken  at  p<0.05) 


Bone  Mineral  Content  (mq) 

ANOVA 

Time  Point 

Treatment 

Mean 

SD 

(p-value) 

Initial 

Vehicle 

5.75 

0.97 

0.894 

ZA 

5.68 

0.82 

Terminal 

Vehicle 

4.47 

1.6 

0.435 

ZA 

5.33 

2.1 
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Effect  of  ZA  on  Normal  Bone  Volume 


Changes  in  total  BV  could  also  be  detected  in  the  normal  limb  of  mice  treated  with  ZA.  At  the  end  of  the 
study,  these  mice  displayed  an  average  8%  increase  in  BV  compared  to  their  initial  scan  (p=0.028).  Mice 
that  were  treated  with  vehicle  had  an  average  3%  increase  in  BV,  but  this  was  not  significant  (p=0.287). 
Therefore,  it  appears  that  ZA  affects  the  bone  volume  of  normal  bones  and  this  can  be  detected  by 
temporal  in  vivo  CT  scans. 


Figure  2.2:  Total  Bone  Volume 
in  the  Distal  5  mm 

There  was  a  significant  decrease 
in  BV  between  normal  and  tumor 
bearing  femora  at  the  start  of 
treatment  and  at  the  end  of  the 
study. 

a  =  significant  from  normal 
Significance  taken  at  p<0.05 


Initial  Terminal 
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Figure  2.3:  In  Vivo  Measure  of  Bone  Volume 

There  was  not  a  significant  difference  in  BV  between  mice  treated  with  vehicle  or  ZA  at  the 
start  of  treatment  or  at  the  end  of  the  study.  The  control  limb  of  the  ZA  treated  mice  displayed 
an  8%  increase  in  total  BV  (p=0.028). 


Figure  2.4:  Progression  of  Impending  Fracture  Based  on  Treatment 

One  mouse  died  at  seven  days  with  no  lysis.  Four  ZA  mice  were  euthanized  at  35  days 
due  to  impending  fracture.  Two  mice  treated  with  vehicle  died  during  micro-CT 
scanning.  By  six  weeks  following  tumor-injection,  all  mice  treated  with  vehicle  were 
euthanized  due  to  severe  osteolysis  and  impending  fracture. 
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Figure  2.5:  3D  Reconstructions  of  the  Distal  5  mm  of  the  Femur 

Total  bone  volume  (BV,  mm3)  was  determined  for  the  distal  5  mm  of  the  femur.  Osteolysis  increased  from 
the  initial  scan  to  the  terminal  scan  in  both  vehicle  and  ZA  treated  mice.  However,  two  mice  treated  with 
ZA  displayed  an  apparent  increase  in  BV,  which  may  be  attributed  to  increased  cortical  thickness.  Non¬ 
tumor  bearing  bones  exposed  to  ZA  also  exhibited  increased  BV  (p=0.028). 


Discussion 

In  vivo  pCT  scanners  have  the  potential  to  provide  accurate  measurements  on  temporal  changes  in  total 
bone  volume  due  to  disease  and  treatments,  while  reducing  the  number  of  animals.  In  this  study  we  have 
shown  that  although  mice  were  selected  on  the  basis  radiographic  evidence  of  osteolysis,  there  was  still 
significant  variation  between  animals  at  the  start  of  treatment.  However,  we  were  able  to  achieve  equal 
distribution  of  osteolysis  between  the  vehicle  and  ZA  treatment  groups.  Weekly  in-vivo  scans  would 
provide  a  more  accurate  measure  of  disease  progression;  however  this  approach  is  not  feasible  in  the 
laboratory  or  the  clinic.  Despite  this  limitation,  we  were  also  able  to  demonstrate  that  total  bone  volume 
and  bone  mineral  content  significantly  decreased  from  the  start  of  therapy  to  the  end  of  the  study  based 
on  in-vivo  pCT  data.  In  addition,  we  were  able  to  detect  an  8%  increase  in  BV  in  normal  limbs  exposed  to 
ZA.  Therefore,  these  results  confirm  that  small  changes  in  bone  volume  can  be  distinguished  using  an  in- 
vivo  pCT  scanner. 
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However,  this  model  has  some  limitations.  Mouse  trabeculae  are  approximately  50  microns  in  diameter 
and  the  highest  resolution  that  we  could  safely  obtain  with  the  in-vivo  scanner  was  42  microns.  This 
means  that  we  are  limited  to  measurements  of  total  bone,  and  assessment  of  trabecular 
microarchitecture  would  have  to  performed  post-mortem  on  ex-vivo  specimens.  Another  limitation  is  the 
dose  of  radiation  the  mice  are  exposed  to  during  the  scan,  which  can  alter  immune  responses  and 
biological  pathways  (8).  The  dose  of  radiation  is  dependent  on  the  X-ray  settings  (kV,  pA),  acquisition 
time,  number  of  projections,  and  specimen  diameter.  Depending  on  the  scan  conditions,  the  radiation 
dose  has  been  measured  to  range  from  0.44  mGy  to  0.25  Gy  (8,  9,  56).  The  total  accumulated  absorbed 
radiation  dose  an  animal  will  be  exposed  to  will  depend  on  the  total  number  of  serial  scans.  Multiple 
radiation  exposure  may  have  an  impact  on  tumor  cell  survival.  Therefore,  when  conducting  experiments 
looking  at  various  therapies  to  treat  tumor-induced  osteolysis,  the  effect  of  radiation  dose  and  exposure 
must  be  taken  into  account.  Future  studies  utilizing  our  model  should  include  a  measurement  of  radiation 
dose  delivered  to  the  whole  animal  as  well  as  the  bone. 

The  tumor  cell  line  used  in  this  experiment  was  also  very  aggressive,  preventing  most  mice  from  surviving 
past  6  weeks  after  tumor-injection.  This  prevented  most  of  the  ZA  treated  mice  from  receiving  the  full 
course  of  the  drug.  However,  our  results  tend  to  suggest  that  if  the  tumor  burden  is  not  controlled;  ZA 
alone  is  not  capable  of  preventing  tumor-induced  osteolysis.  These  results  are  consistent  with  previous 
work  on  neuroblastoma  cells,  where  mice  with  established  osteolytic  lesions  and  treated  with  ZA 
continued  to  lose  bone  (69).  In  order  for  patients  with  established  lytic  bone  lesions  to  benefit  from  the 
antiresorptive  properties  of  bisphosphonates,  ZA  should  be  combined  with  a  tumoricidal  agent.  Our 
results  also  show  that  the  rate  of  tumor  growth  and  destruction  varies  greatly  between  animals.  Therefore 
larger  group  sizes  may  be  required  to  establish  the  efficacy  of  therapeutic  treatments. 


The  development  of  this  in-vivo  pCT  protocol  using  our  established  mouse  model  of  tumor-induced 
osteolysis  provides  an  ethical  and  cost-effective  way  to  evaluate  the  effect  of  therapy  on  the  progression 
of  osteolysis.  Serial  scans  can  be  taken  over  time  of  the  same  animal,  thereby  reducing  the  number  of 
animals  required  as  well  as  improving  statistical  power  through  use  of  repeated  measures.  Since  CT 
scanning  is  a  non-invasive  technique,  the  same  bones  can  be  further  analyzed  for  biomechanical  testing 
or  histomorphometric  analysis.  Future  studies  will  focus  on  incorporating  the  use  of  in-vivo  pCT  scanning 
into  our  validated  methodologies  to  test  the  efficacy  of  clinically  relevant  therapies  for  treating  tumor- 
induced  osteolysis.  This  approach  also  could  be  used  to  test  predictive  capabilities  of  bone  strength 
surrogates  such  as  DEXA  (BMD),  sectional  analysis  or  finite  element  methods.  As  the  relative  resolution 
of  this  approach  for  the  mouse  model  is  similar  to  the  human  CT  scanners,  this  would  serve  as  an 
appropriate  tool  for  developing  this  methodology. 

2.3:  Task  3:  Effect  of  radiation  and  ZA  on  Osteoblasts,  Mesenchymal  Stem  Cells,  and  Breast  Cancer 
Cells  In-Vitro 

In  addition  to  bisphosphonate  therapy,  many  patients  with  bone  metastases  are  treated  with  radiotherapy 
to  control  tumor  burden  and  bone  pain  (36).  Recent  in-vitro  studies  have  shown  radiation  and  zoledronic 
acid  (ZA)  appear  to  have  a  synergistic  cytotoxic  effect  on  breast  and  prostate  cancer,  as  well  as  myeloma 
(1,  85).  These  studies  have  shown  that  to  achieve  a  50%  decrease  in  cell  viability,  high  doses  of  ZA 
(-100  pM)  are  required.  However,  pharmacokinetic  studies  have  demonstrated  that  the  plasma 
concentration  of  ZA  in  human  patients  treated  with  4  mg  ZA  is  around  2  pM  24  hours  following  infusion 
(79).  Based  on  these  preliminary  studies,  we  wanted  to  further  explore  the  effect  of  ZA  and  radiation  on 
the  F10  breast  cancer  cell  line.  In  addition,  little  is  known  about  the  effect  of  radiation  and  ZA  on 
osteoblasts  and  bone  marrow  stromal  cells,  which  play  crucial  roles  in  maintaining  the  bone 
microenvironment.  Therefore,  the  specific  aim  of  this  study  was  to  determine  the  sensitivity  of  osteoblasts 
and  marrow  stromal  cells  to  radiation,  ZA  and  the  combination  of  radiation  plus  ZA  with  respect  to 
metastatic  breast  cancer  cells.  We  hypothesized  that  breast  cancer  cells  would  be  more  sensitive  to 
radiation  and  less  sensitive  to  zoledronic  acid,  compared  to  either  osteoblasts  or  marrow  stromal  cells.  In 
addition  we  hypothesized  that  continuous  exposure  to  zoledronic  acid,  administered  before  radiation 
therapy,  would  radiosensitize  the  breast  cancer  cells  causing  increased  cell  death.  Further  more,  we 
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hypothesized  that  radiation  plus  ZA  would  have  little  effect  on  osteoblasts  and  marrow  stromal  cells 
compared  to  treatment  with  radiation  alone. 


Materials  and  Methods 

Cell  Lines  and  Culture  Conditions 

F10  cells,  a  bone-adapted  clone  derived  from  the  human  MDA-MB-231  breast  carcinoma  cell  line  (93) 
(Dr.  Toshiyuki  Yoneda,  UT  San  Antonio,  TX),  and  ST2,  immortalized  mouse  stromal  cells,  were  cultured 
in  Dulbecco’s  modification  of  Eagle’s  medium  (DMEM).  MC3T3  subclone  4  cells,  an  immortalized  mouse 
osteoblast-like  cell  line,  were  cultured  in  ascorbic  acid-free  alpha  modification  of  Eagle's  medium  (alpha- 
MEM).  Primary  mouse  marrow  stromal  cells  (MSCs)  were  cultured  in  a  50/50  (v/v)  of  MesenCult  and 
DMEM.  DMEM  and  alpha-MEM  (Gibco,  Grand  Island,  NY)  were  supplemented  with  10%  (v/v)  fetal  calf 
serum  (FCS)  and  1%  penicillin-streptomycin-glutamine.  MesenCult  MSC  Basal  medium  (mouse)  was 
supplemented  with  mesenchymal  stem  cell  stimulatory  supplement  (mouse)  (Stem  Cell  Technologies, 
Vancouver,  CA).  All  cells  were  maintained  at  37°C  in  an  atmosphere  of  5%  C02  in  air.  Culture  media  was 
change  twice  a  week.  Cells  were  split  at  90%  confluence  using  trypsin  EDTA,  lx  (Cell  Grow,  Mediatech, 
Herndon,  VA)  to  remove  them  from  the  flask. 

Radiation  Therapy 

Radiation  was  administered  with  a  Phillips  MGC-30  therapeutic  X-ray  machine  operating  at  300  kilovolts 
and  10  milliamps  (effective  dose  rate  2.04  Gy/minute  at  a  source-to-object  distance  of  15  cm).  Cells  were 
irradiated  24  hours  after  cell  seeding. 

Zoledronic  Acid 

Zoledronic  acid  (ZA)  was  obtained  in  the  form  a  disodium  salt  from  Novartis,  Pharma  AG  (Basel, 
Switzerland).  A  500-pM  stock  solution  was  prepared  and  sterile  filtered  through  a  0.22-pm  filer  and  stored 
in  2-ml  aliquots  at  -20°C  until  use.  Zoledronic  acid  dilutions  (0.05  -  100  pM)  were  prepared  in  media 
immediately  before  use. 

Cell  Viability 
Clonogenicity  Assays 

Cells  were  seeded  at  a  density  of  100  to  10,000  cells/well  in  6-well  plates.  After  24  hours,  plates  were 
irradiated  with  0,  1,2,  4,  5,  8,  10,  and  20  Gy.  Cells  were  cultured  for  7  to  10  days  without  media  changes 
until  identifiable  clones  were  present.  Colonies  were  fixed  with  ice-cold  70%  ethanol,  stained  with  2% 
crystal  violet,  and  counted.  Log-lin  plots  of  survival  fraction  versus  radiation  dose  were  constructed  and 
the  D0  values  (a  measure  of  radiation  sensitivity,  37%  cell  survival)  were  determined. 

MTT  Assay 

Cells  were  seeded  at  5x1 04  cells/well  in  24-well  plates.  24  hours  after  seeding,  cells  were  treated  with 
radiation  and/or  ZA  with  no  washout.  At  3  and  7  days  following  treatment  MTT  (3-[45-dimethyl-thiazoyl]- 
2,5-diphenyl-tetrazolium  bromide  (Sigma,  St.  Louis,  MO)  colorimetric  assays  were  performed  to  assess 
cell  viability.  100-pl  yellow  MTT  solution  (5  mg/ml)  were  added  to  each  well,  and  the  plates  were  further 
incubated  at  37°C  and  5%  C02  to  allow  healthy  mitochondria  to  metabolize  the  dye  and  form  dark  blue 
thiazol  crystals.  After  60  minutes,  the  media  was  aspirated  and  500  pi  of  DMSO  was  added  to  each  well 
to  dissolve  the  crystals.  The  absorbance  was  read  on  a  spectrophotometer  (Wallac  Victor2  1420 
multilabel  counter,  Turku,  Finland)  at  a  wave  length  of  560  nm.  Approximate  IC50  values  were  determined 
from  7  day  MTT  results  by  interpolating  the  concentration  at  which  cell  viability  was  reduced  to  50%  of  the 
control. 

Detection  of  Apoptosis 
RT-PCR 

RT-PCR  was  performed  to  study  the  effect  of  radiation  therapy  and  zoledronic  acid,  alone  or  in 
combination,  on  the  expression  of  Bax  and  Bcl-2,  known  regulators  of  apoptosis.  Cells  were  seeded  in  T- 
75  culture  flasks  and  were  treated  72  hours  later  when  cells  were  approximately  80%  confluent.  Cells 
were  treated  with  10  Gy  radiation  (lOGy),  5  pM  ZA  (ZA),  or  5  pM  ZA  followed  by  lOGy  radiation 
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(lOGy+ZA).  Forty-eight  hours  following  treatment,  culture  media  was  aspirated,  cells  were  washed  in 
PBS,  and  then  lysed  with  RTL  buffer  containing  0.01%  (3-mercaptoethanol.  The  lysates  were  then 
homoginzed  using  a  Quiashredder  column,  and  total  RNA  was  extracted  with  on-column  DNase 
treatment  using  an  RNeasy  kit  (Qiagen,  Valencia,  CA).  The  resulting  extract  was  then  analyzed  by  UV- 
absorbance  spectrophotometry  to  determine  the  quantity  (280  nm,  1.0  AU  =  40  pg/ml)  and  purity  (ratio  of 
absorbance  at  260  nm  and  280  nm)  of  each  RNA  sample.  Using  1  pg  of  total  RNA,  the  mRNA  fraction  of 
the  extract  was  selectively  reverse-transcribed  using  oligo-(dT15)  primers  and  Moloney-murine  leukemia 
virus  reverse  transcriptase  to  produce  template  cDNA  polymerase  (Promega,  Madison,  Wl).  HotStar  Taq 
Plus  DNA  polymerase  (Qiagen,  Valencia,  CA)  and  gene  specific  oligonucleotide  primers  (MWG  Biotech, 
High  Point,  NC)  were  used  to  probe  the  expression  level  of  Bax,  Bcl-2,  and  (3-actin  transcripts  by 
polymerase  chain  reaction  (PCR)  using  0.5  pi  of  cDNA  template  (Table  3.1).  The  products  of  the  PCR 
reactions  were  then  resolved  by  electrophoresis  through  a  3%  agarose-TBE  gel,  stained  with  ethidium 
bromide  and  digitally  imaged  under  long-wave  UV  illumination.  The  expected  product  size  was  verified  by 
comparison  of  the  migration  of  the  apparent  product  relative  to  the  migration  of  a  100  bp  DNA  standard 
ladder  (Bench  Top  100  bp,  Promega,  Madison,  Wl). 

Table  3.1:  cDNA  Templates  for  Bcl-2,  Bax,  and  P-actin 


Gene 

NCBI 

Accession 

Sense 

Primer  (S'-S') 

Antisense 

Primer  (S'-S') 

5' -3'  mRNA 
Position 

Product 

Size 

#  PCR 
Cycles 

Anealing 
Temp.  (°C) 

Bcl-2 

NM 

009741 .3 

ctgcaaatgctggactgaaa 

ccagattgggtcctcacact 

566-711 

146  bp 

32 

55°C 

Bax 

NM 

007527.3 

tgcagaggatgattgctgac 

gatcagctcgggcactttag 

350-522 

173  bp 

27 

55°C 

(3-actin 

NM 

007393.3 

aggtatcctgaccctgaagt 

aggtctcaaacatgatctgg 

265-458 

194  bp 

25 

53°C 

Western  Blot 

Western  blots  were  performed  to  evaluate  protein  expression  of  Bax.  Cells  were  seeded  at  1x10s  cell/well 
in  a  6-well  plate  and  treated  with  OGy,  5  pM  ZA,  lOGy,  or  10Gy+  5  pM  ZA  24  hours  after  seeding.  Two 
days  following  treatment,  the  media  was  aspirated  and  the  cells  were  washed  with  cold  PBS  and  150  pi  of 
lysis  buffer  was  added  to  each  well.  The  cells  were  collected  and  centrifuged  at  10,000  RPM  for  5 
minutes  at  4°C.  The  supernatent  containing  the  protein  was  then  collected  and  stored  at  -20°C.  Protein 
concentration  of  cell  lysates  was  measured  using  a  BCA  total  protein  assay  (BCA  Assay;  Pierce, 
Rockford,  IL).  Equal  amounts  of  protein  sample  was  loaded  on  a  SDS-PAGE  gel  (Bio-Rad,  Hercules,  CA) 
and  Bax  P-19  antibody  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  Specific  protein  bands  were 
visualized  by  ECL  kit  (Pierce,  Rockford,  IL)  after  being  probed  with  a  secondary  HRP-conjugated 
antibody. 

Colorimetric  Assay 

Apoptosis  was  quantified  by  the  proteolytic  cleavage  of  the  caspase-3  substrate  Z-DEVD-AMC  using  the 
EnZCheck  Caspase-3  Assay  kit  (Invitrogen,  Eugene,  OR).  Cells  were  seeded  at  5x1 04  cells/well  in  a  24- 
well  plate  and  treated  with  radiation,  ZA,  or  radiation+ZA  24  hours  after  seeding  and  incubated  for  an 
additional  48  hours.  Fluorescence  was  measured  using  a  spectrophotometer  at  an  excitation  of  360  nm 
and  emission  of  465  nm. 

Caspase  activity  was  normalized  to  total  protein  concentrations  measured  with  a  BCA  total  protein  assay 
(BCA  Assay;  Pierce,  Rockford,  IL).  Briefly,  50  pi  of  cell  lysate  or  50  pi  of  standard  were  added  to  a  96-well 
plate  in  duplicate.  50  pi  of  BCA  reagent  were  then  added  to  each  well  and  the  plate  was  incubated  at 
room  temperature.  Optical  density  was  read  at  562  nm.  Protein-normalized  caspase  values  were  then 
normalized  to  control  samples  to  determine  relative  changes  in  caspase  activity  between  treatments. 

Immunohistochemistry 

Cells  were  seeded  at  5x1 04  cells/well  on  sterile  glass  disks  (12cm)  in  24-well  plates.  Twenty-four  hours 
after  seeding  cells  were  treated  with  radiation,  ZA,  or  radiation+ZA.  Forty-eight  hours  after  treatment  cells 
were  fixed  in  a  4%  parafomaldehyde,  2%  acetone,  and  2%  methanol  (v/v)  in  PBS  (pH  7.1)  fixative  for  3 
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hours  and  then  in  70%  ethanol  over  night.  Cells  were  washed  in  PBS  and  then  incubated  in  500  pi  of 
citrate  buffer  for  30  minutes  at  50°C.  The  citrate  buffer  was  removed  and  the  cells  were  incubated  in  500 
|jl  of  1%  BSA  for  30  minutes  at  room  temperature.  2  pi  of  full-length,  caspase-3  antibody  (Trevisen, 
Gaithenburg,  MD  1 :250)  was  added  to  each  well  and  incubated  for  at  least  1  hour  at  room  temperature. 
Cells  were  then  washed  3  times  in  PBS  and  500  pi  of  1%  BSA,  2  pi  of  Alexa  Fluor  568  (rabbit  raised  in 
goat,  Molecular  Probes,  Eugene,  OR),  and  5  pi  of  DAPI  (100  pg/ml,  Sigma)  was  added  to  each  well.  Cells 
were  then  incubated  for  at  least  1  hour  at  room  temperature,  shielded  from  light.  Glass  disks  were  then 
placed  on  slides  and  viewed  using  a  G-2A  ban-pass  filter  (excitation  510-560  for  caspase)  and  a  UV-1A 
ban-pass  filter  (excitation  355-375  for  DAPI)  on  a  Nikon  Eclipse  E400  microscope. 

Annexin  V/PI  staining 

Apoptosis  was  also  confirmed  in  the  F10  cell  line  using  annexin-V/propidium  iodide  staining  (Calbiochem, 
LaJolla,  CA).  During  the  early  stages  of  apoptosis,  the  dying  cell’s  membrane  undergoes  changes 
resulting  in  the  expression  of  a  phospholipid-like  phosphatidyl-serine  (PPS)  membrane  protein.  Annexin  V 
is  a  Ca  -dependent  phospholipids-binding  protein  that  has  a  high  affinity  for  PPS.  To  detect  this  early 
stage  of  apoptosis,  F10  cells  were  seeded  at  5x1 04  cells/well  in  a  24-well  plate  and  treated  with  OGy,  5 
pM  ZA,  lOGy,  or  10Gy+  5  pM  ZA  24  hours  after  seeding.  Two  days  following  treatment  the  media  were 
collected  and  the  cells  were  trypinsized  and  placed  in  the  corresponding  tube.  Cells  were  counted  and 
adjusted  to  1x106  cells/ml  and  re-suspended  in  500  pi  of  PBS.  Ten  microliters  of  media  binding  agent  was 
added  to  each  tube  followed  by  1.25  pi  of  Annexin  V-FITC.  Tubes  were  then  incubated  in  the  dark  for  15 
minutes.  Cells  were  centrifuged  for  10  minutes  at  lOOOg  at  room  temperature.  The  media  was  aspirated 
and  500  pi  of  cold  IX  binding  buffer  was  added  followed  by  10  pi  of  propidium  iodide.  Samples  were  then 
placed  on  ice  and  immediately  observed  at  488  nm  on  a  FACStar+  argon  laser  flow  cytometer  (Becton 
Dickinson,  Franklin  Lakes,  NJ).  The  spectrophotometric  values  measured  for  ten  thousand  cells  were 
analyzed  using  Flowjo  (Tree  Star,  Ashland,  OR).  Unstained,  FITC  only,  and  PI  only  untreated  cells  were 
used  to  determine  compensation. 

Cell  Cycle  Analysis 

Cells  were  seeded  at  5x1 04  cells/well  in  a  24-well  plate  and  treated  with  OGy,  5  pM  ZA,  lOGy,  or  10Gy+  5 
pM  ZA  24  hours  after  seeding.  Two  days  following  treatment  the  media  were  collected  and  the  cells  were 
trypinsized  and  placed  in  the  corresponding  tube.  Cells  were  counted  and  adjusted  to  IxlO6  cells/ml  and 
washed  in  ice-cold  PBS  and  centrifuged  at  lOOOg  three  times.  After  the  final  spin  in  PBS,  cells  were 
resuspended  in  70%  ethanol  where  they  could  be  stored  over  night  at  -20°C.  Cells  were  then  spun  down 
and  washed  once  in  PBS  and  then  resuspended  in  500  pi  of  RNase  A  (2  mg/ml)  and  incubated  for  30 
minutes  at  37°C.  Following  incubation,  cells  were  stained  with  500  pi  of  propidium  iodide  (50  pg/ml, 
Sigma)  for  30  minutes.  Samples  were  kept  on  ice  and  immediately  observed  at  488  nm  on  a  FACStar+ 
flow  cytometer  and  analyzed  using  Flowjo  (Tree  Star,  Ashland,  OR)  to  determine  the  percentage  of  cells 
in  the  Go/G^  S,  and  G2/M  phases  of  the  cell  cycle. 

Mineralization 

MC3T3  (immortalized  mouse  osteoblast-like  cells)  and  MSC  (primary  mouse  marrow  stromal  cells)  were 
seeded  at  a  density  of  1x10s  cells/well  in  6-well  plates.  Once  the  cultures  were  confluent  (3-4  days),  the 
medium  was  replaced  with  mineralization  media  containing  ascorbic  acid  (100  pM)  and  sodium 
phosphate  (5  mM).  Cells  were  then  treated  with  OGy,  5  pM  ZA,  lOGy,  or  10Gy+  5  pM  ZA,  and  cultured  for 
21  days  to  allow  mineral  formation.  Media  changes  took  place  twice  a  week  and  were  supplemented  with 
ascorbic  acid,  sodium  phosphate,  and  where  appropriate,  ZA.  At  21  days  the  medium  was  aspirated,  cells 
were  washed  with  PBS  and  fixed  in  ice-cold  70%  ethanol  for  one  hour.  The  cells  were  then  rinsed  with 
deionized  water  and  stained  with  Alizarin  Red  S  (40  mM,  pH  4.2,  Baker  Analyzed,  Phillipsburg,  NJ)  for  10 
minutes.  Plates  were  then  rinsed  five  times  with  Dl  water  and  washed  in  PBS  for  15  minutes  with  rotation. 
Plates  were  photographed  and  then  destained  with  cetylpyridinium  chloride  solution  (MP  Biomedicals, 
LLC,  Solon,  OH;  10%  w/v  in  sodium  phosphate,  pH  7.0)  for  30  minutes.  Standards  were  prepared  by 
diluting  the  Alizarin  Red  S  solution  in  cetylpyridinium  chloride  solution  (0-1.6  mM  dilutions)  100  pi  of 
standard  or  sample  was  added  in  duplicate  to  a  96-well  plate  and  the  optical  density  read  at  562  nm. 
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Statistics 

The  results  are  presented  as  a  percentage  of  control,  non-treated  cells.  All  experiments  were  repeated  on 
three  separate  occasions.  All  data,  except  Annexin  V/PI  were  analyzed  by  analysis  of  variance  (ANOVA) 
along  with  Fisher’s  PLSD  post-hoc.  Statistical  significance  was  taken  at  p  <  0.05. 

Results 

Cellular  Sensitivity  to  Zoledronic  Acid  and  Radiation 

Treatment  of  MC3T3,  ST2,  MSC,  and  F10  cells  with  increasing  concentrations  of  ZA  caused  dose- 
figure  3.1)  and  time-dependent  decreases  in  cell  viability  at  three  and  seven  days.  ZA  (1-25  pM)  had 
little  effect  on  F10  cells  at  three  days,  however  cell  viability  decreased  15%  compared  to  the  untreated 
control  at  7  days  when  treated  with  1  pM  ZA  (p=0.011)  (Figure  3.2).  Cell  viability  was  significantly 
decreased  in  both  the  MC3T3  (p=0.001)  and  MSC  (p<0.0001)  cells  at  three  days  compared  to  the 
untreated  control  at  concentrations  of  5  pM  or  higher.  Cell  viability  was  assessed  at  seven  days  in  ST2 
cells  exposed  to  increasing  doses  of  ZA  (0.05  to  20  pM).  At  a  concentration  of  0.05  pM,  ST2  cells 
exhibited  a  12.7%  decrease  in  cell  viability  compared  to  control  (p<0.0001).  The  approximate  IC50  values 
at  seven  days  were  39  pM  for  F10  cells,  30  pM  for  MSC  cells,  14  pM  for  MC3T3  cells,  and  7  pM  for  ST2 
cells.  Clonogenic  assays  were  performed  to  establish  intrinsic  cellular  radiosensitivity.  The  D0  values 
(37%  cell  survival)  were  calculated  to  be  2.4  Gy  for  F10  cells,  5.8  Gy  for  MC3T3  cells,  and  3.0  Gy  for  ST2 
cells. 


Figure  3.1 :  Effect  of  ZA  on 
Cell  Viability  at  7  Days. 

Chronic  exposure  to  zoledronic 
acid  (0  to  25  pM  ZA)  for  7  days 
caused  a  dose-dependent 
decrease  in  cell  viability.  MSC 
and  F10  cells  do  not  appear  to 
be  as  sensitive  to  ZA  as  ST2 
and  MC3T3  cells. 
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Figure  3.2:  Effect  of  ZA  on  F10 
Cell  Viability  at  3  and  7  Days 

Cell  viability  decreased  with 
increasing  chronic  exposure  to 
zoledronic  acid  (0  to  100  pM 
ZA).  Based  on  these  results,  F10 
cells  require  chronic  exposure  to 
39  pM  of  ZA  for  7  days  to 
decrease  cell  viabilitv  bv  50%. 
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Effect  of  Radiation  and  Zoledronic  Acid  on  Cell  Viability 

The  actual  concentration  range  of  zoledronic  acid  that  cells  would  be  exposed  to  in  vivo  is  unknown.  In 
human  patients  treated  with  the  standard  4  mg  dose  of  ZA,  the  maximum  plasma  concentration  achieved 
was  1  pM  (79).  In  a  rat  model,  where  0.16  mg/kg  of  ZA  was  administered  i.v.,  plasma  concentrations 
reached  4.47  pM  after  five  minutes  (54).  Therefore,  a  concentration  of  5  pM  ZA  was  chosen  for  further 
study  since  all  four  cell  lines  exhibited  a  significant  decrease  in  cell  viability  at  seven  days.  MC3T3  (Figure 
3.3),  ST2,  and  MSC  exhibited  a  greater  decrease  in  cell  viability  when  treated  with  5  pM  ZA  compared  to 
treatment  with  5  Gy  (p<0.0001 ,  p=0.001 ,  and  p=0.070,  respectively),  whereas  the  reverse  was  true  for  the 
F10  cells  (Figure  3.4).  There  was  no  significant  difference  in  cell  viability  between  MC3T3  cells  treated 
with  5  pM  ZA  or  10  Gy  (p=0.83),  however  combining  radiation  and  ZA  significantly  decreased  cell  viability 
compared  to  either  treatment  alone  (p<0.0001).  F10  cells  showed  a  similar  response,  where  treatment 
with  lOGy+ZA  decreased  cell  viability  more  than  ZA  or  lOGy  alone  (p<0.0001  and  p=0.044,  respectively). 
The  combination  of  radiation  and  ZA  did  not  significantly  effect  cell  viability  compared  to  either  treatment 
alone  for  the  ST2  and  MSC  cell  lines  (p>0.05). 

Cell  Viability  at  7  Days 
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Figure  3.3:  Effect  of  Radiation  Therapy  and  ZA  on  MC3T3  Cell  Viability  Treatment  with  5  pM  ZA 
or  10  Gy  lead  to  a  similar  decrease  in  cell  viability  and  treatment  with  ZA+IOGy  significantly 
decreased  viability  compared  to  either  treatment  alone,  a  =  significant  from  control,  b  =  significant 
from  ZA,  c  =  significant  from  5Gy,  d  =  significant  from  lOGy  Significance  taken  at  p<0.05) 
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Detection  of  Apoptosis 
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Figure  3.4:  Effect  of  Radiation  Therapy  and  ZA  on  F10  Cell  Viability 

Treatment  with  5  pM  ZA  did  not  cause  a  significant  decrease  in  cell  viability  compared  to 
control.  Treatment  with  ZA+10  Gy  significantly  decreased  cell  viability  compared  to  either 
treatment  alone,  a  =  significant  from  control,  b  =  significant  from  ZA,  c  =  significant  from  5  Gy 
d  =  significant  from  10Gv  Significance  taken  at  p<0.05. 


MC3T3  cells  treated  with  5  pM  ZA  or  lOGy+ZA  displayed  an  increase  in  gene  and  protein  expression  of 
the  pro-apoptotic  Bax  protein,  however  there  did  not  appear  to  be  a  change  in  the  gene  expression  of  Bcl- 
2  (Figure  3.5).  Cleaved  caspase-3,  which  occurs  downstream  of  Bax  in  the  apoptosis  cascade,  was  also 
increased  in  MC3T3  cells  treated  with  5  pM  ZA  or  lOGy+ZA  compared  to  control  (p=0.029  and  p=0.004, 
respectively)  (Figure  5.6).  Treatment  with  5  pM  ZA  or  lOGy+ZA  also  caused  a  significant  increase  in 
caspase-3  in  ST2  (p<0.0001  and  p<0.0001),  MSC  (p=0.032  and  p<0.0001),  and  F10  (p=0.024  and 
p=0.01)  cells  compared  to  control. 
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Figure  5.5:  Detection  of 
Early  Apoptosis  Markers 
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Top:  RT-PCR  gene  expression 
of  Bcl-2  (anti-apoptotic  marker) 
and  Bax  (pro-apoptoic  marker) 
in  MC3T3  and  F10  cells.  Bcl-2 
transcript  expression  remained 
relatively  constant  with  respect 
to  treatment  in  the  MC3T3 
cells,  were  Bax  expression 
increased  with  exposure  to  ZA 
or  lOGy.  Transcript  expression 
of  Bcl-2  and  Bax  was  not 
detectable  in  the  FI  0  cells. 

Bottom:  Western  blot  protein 
expression  of  Bax.  Consistent 
with  the  RT-PCR  data,  Bax 
protein  expression  increased  in 
the  MC3T3  cells  upon 
treatment  with  ZA  or  lOGy. 
Protein  expression  of  Bax  was 
undetectable  in  the  F10  cells. 
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Effect  of  Radiation  and  ZA  on  Apoptosis 
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Figure  3.6:  Effect  of  Radiation  and  ZA  on  Apoptosis. 

Treatment  with  5  pM  ZA  lead  to  increased  caspase  in  all  four  cell  lines  compared  to 
control.  F10  cells  treated  with  5  pM  ZA  and  then  irradiated  with  10  Gy  displayed  increased 
caspase  compared  to  control  and  treatment  with  10  Gy  alone,  a  =  significant  from  control, 
b  =  significant  from  ZA,  c  =  significant  from  lOGy.  Significance  taken  at  p<0.05 
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F10  cells  are  known  to  have  a  high  basal  level  expression  of  caspase-3;  therefore  to  confirm  that 
treatment  with  ZA  and/or  lOGy  induced  apoptosis  in  these  cells  additional  assays  were  performed. 
Immunohistochemistry  confirmed  that  there  was  increased  caspase  localization  to  the  nucleus  in  F10 
cells  treated  with  ZA,  lOGy,  or  lOGy+ZA  (Figure  3.6).  It  should  be  noted  that  the  antibody  used  was  for 
un-cleaved  caspase-3,  which  explains  the  basal  level  of  caspase  staining  seen  in  the  control.  In  addition 
to  caspase,  Annexin  V/  PI  staining  was  performed  to  confirm  apoptosis.  These  results  indicate  that 
treatment  with  lOGy  or  lOGy+ZA  caused  an  increase  in  the  number  of  cells  expressing  the  phospholipid¬ 
like  phosphatidyl-serine  membrane  protein  on  the  outer  surface  of  the  cell  membrane  which  binds 
Annexin  V  (Figure  3.7).  Cells  treated  with  lOGy  or  lOGy+ZA  also  showed  increased  PI  binding,  which 
occurs  when  PI  is  able  to  penetrate  the  cell  membrane  and  bind  to  fragmented  chromatin. 


DAPI  Caspase  Co-Localization 


Figure  3.7:  Qualitative  Analysis  of  Apoptosis  in  F10  Breast  Cancer  Cells 

Treatment  with  ZA  and/or  lOGy  resulted  in  increased  caspase  localization 
within  nuclei  that  appear  to  be  apoptotic,  indicating  that  cells  were  undergoing 
the  early  stages  of  apoptosis.  (2  days  post-treatment) 
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Propidium  Iodide 


Figure  3.8:  Detection  of  Annexin  V  and  PI  in  F10  Cells  Following  Treatment 

Two  days  following  treatment  with  lOGy  or  lOGy+ZA  F10  cells  displayed  an  increase  in  Annexin 
V  and  PI  staining  compared  to  control  and  treatment  with  ZA  alone,  as  measured  by  flow 
cytometry. 
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Effect  of  Radiation  and  Zoledronic  Acid  on  the  Cell  Cycle 

F10  cells  treated  with  5  |jM  ZA  had  a  13%  increase  in  G0/Gi  and  a  23%  decrease  in  G2/M  compared  to 
control  (p=0.008  and  p=0.056),  whereas  treatment  with  10  Gy  led  to  a  20%  decrease  in  G0/Gi  and  a  56% 
increase  in  G2/M  (p=0.001  and  p=0.0001,  respectively)  (Figure  3.9A).  lOGy+ZA  further  increased  G2/M  to 
123%  compared  to  control  (p<0.0001).  MC3T3  cells  were  most  affected  by  treatment  with  ZA  alone, 
which  caused  a  26%  decrease  in  G2/M  and  a  90%  increase  in  S-phase  compared  to  control  (p<0.0001) 
(Figure  3.9B).  ST2  cells  were  the  only  cells  to  exhibit  an  increase  in  G2/M  when  treated  with  5  pM  ZA 
compared  to  control  (27%,  p=0.032).  ST2  cells  treated  with  lOGy  or  lOGy+ZA  exhibited  further  increases 
in  G2/M  (Figure  3.9C).  MSC  cells  also  had  significant  increases  in  G2/M  compared  to  control  when 
treated  with  lOGy  or  lOGy+ZA  (p<0.0001)  (Figure  3.9D).  Both  the  ST2  and  MSC  cells  exhibited 
significant  decreases  in  S-phase  and  G0/G-i  when  treated  with  10  Gy  or  lOGy+ZA  (Figure  3.9  C  and  D). 
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Figure  5.9A-D:  Effect  of  Radiation  Therapy  and  ZA  on  the  Cell  Cycle  Treatment 
with  ZA+IOGy  caused  increased  G2/M  arrest  in  F10,  ST2,  and  MSC  cells  compared  to 
control,  where  MC3T3  cells  displayed  decreased  G2/M. 

a  =  significant  from  control,  b  =  significant  from  ZA,  c  =  significant  from  5Gy,  d  = 
significant  from  lOGy.  Significance  taken  at  p<0.05 
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Figure  3.9A-D:  Effect  of  Radiation  Therapy  and  ZA  on  the  Cell  Cycle  Treatment 
with  ZA+IOGy  caused  increased  G2/M  arrest  in  F10,  ST2,  and  MSC  cells  compared  to 
control,  where  MC3T3  cells  displayed  decreased  G2/M. 
a  =  significant  from  control,  b  =  significant  from  ZA,  c  =  significant  from  5Gy, 
d  =  significant  from  lOGy.  Significance  taken  at  p<0.05 


Effect  of  Radiation  and  Zoledronic  Acid  on  Mineralization 

Treatment  with  lOGy  decreased  the  amount  of  mineralization  32%  in  the  MC3T3  cells  compared  to 
control  (p<0.0001)  (Figure  3.10).  lOGy  did  not  appear  to  affect  the  amount  of  mineralization  in  the  MSC 
cells  (p=0.315).  On  the  other  hand,  continuous  exposure  to  5  pM  ZA  resulted  in  significant  cell  death  with 
a  93%  decrease  in  mineralization  in  the  MC3T3  cell  line  (p<0.0001)  (Figure  5.10).  However,  the  MSC  cell 
line  displayed  a  30%  decrease  in  mineralization  (p<0.0001)  compared  to  control.  The  combination  of 
lOGy+ZA  resulted  in  increased  cell  death  in  the  MC3T3  cells  and  decreased  mineralization  69%  in  the 
MSC  cell  line  compared  to  control  (p<0.0001). 
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It  should  be  noted  that  the  MSC  cell  line  is  not  a  homogeneous  population  of  cells;  rather  it  contains  a 
mixture  of  cells  found  in  the  bone  marrow.  DAPI  staining  performed  two  days  following  treatment  with  ZA, 
lOGy  and  lOGy+ZA  revealed  that  radiation  appears  to  make  the  cell  population  more  homogeneous 
(Figure  3.11).  It  is  plausible  that  the  surviving  cells  are  bone  marrow  stromal  cells  that  are  more  capable 
of  mineralizing.  This  suggests  that  radiation  may  select  more  radioresistant  osteoprogenitor  cells.  Further 
studies  need  to  be  conducted  to  determine  the  specific  cell  type  remaining  after  radiation  and  whether 
treating  primary  bone  marrow  cultures  with  radiation  may  enhance  the  selection  of  bone  marrow  stromal 
cells. 


Figure  3.10:  Effect  of  Radiation  Therapy  and  ZA  on  Mineralization 

Chronic  treatment  with  5  pM  ZA  for  21  days  caused  significant  cell  death  in  the  MC3T3 
cells,  which  corresponds  to  decreased  mineralization.  lOGy  appeared  to  cause  an  increase 
in  MSC  mineralization,  however  this  was  blunted  with  chronic  exposure  to  ZA.  a  =  significant 
from  control,  b  =  significant  from  ZA,  c  =  significant  from  lOGy  Significance  taken  at  p<0.05 


Figure  3.11:  MSCs  Stained  with  DAPI  2  Days  Following  Treatment 

Note  the  diverse  cell  population  in  the  control  compared  to  the  more  uniform  cell  population  seen  after 
treatment  with  lOGy.  All  images  were  taken  at  40X. 
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Discussion 


Radiation  therapy  and  bisphosphonates  are  commonly  used  for  the  treatment  of  breast  cancer  bone 
metastases.  In  the  present  study,  we  have  shown  that  the  F10  human  breast  cancer  line  is  more 
radiosensitive  then  MC3T3  (immortalized  mouse  osteoblast-like  cells),  ST2  (immortalized  mouse  stromal 
cells),  and  MSC  (primary  mouse  marrow  stromal  cells).  In  addition,  we  have  shown  that  F10  cells  are  less 
sensitive  to  zoledronic  acid,  with  an  IC5o  nearly  three  times  higher  than  that  for  MC3T3  cells  and  six  times 
that  of  ST2  cells.  In  addition,  F10  cells  and  MSCs  displayed  similar  responses  to  treatment  with  lOGy+ZA 
including,  decreased  cell  viability,  increased  G2/M  arrest  and  increased  caspase  compared  to  treatment 
with  lOGy  alone.  This  combined  therapy  also  significantly  decreased  mineralization  in  the  MSC  cell  line 
compared  to  radiation  alone. 

MC3T3  cells  appeared  to  be  very  sensitive  to  continuous  exposure  to  ZA,  which  lead  to  significant  cell 
death.  Unlike  the  F10  cells  which  displayed  a  significant  increase  in  G2/M  arrest  upon  exposure  to 
lOGy+ZA,  MC3T3  cells  exhibited  a  significant  decreased  in  G2/M  arrest  and  a  significant  increase  in 
G0/G-|.  Even  though  treatment  with  lOGy+ZA  appears  to  cause  apoptosis  in  both  the  F10  and  MC3T3 
cell  lines,  the  mechanism  through  which  this  occurs  appears  to  be  different.  These  results  of  the  present 
study  suggest  that  zoledronic  acid  may  have  the  potential  to  increase  cell  death  in  both  tumor  and  bone 
cells  when  combined  with  radiation.  Further  studies  are  needed  to  determine  whether  similar  effects  can 
be  achieved  or  enhanced  by  pre-treating  cells  with  ZA  prior  to  radiation  and  then  rinsing  the  ZA  our  at 
various  time  points.  The  results  of  this  set  of  experiments  may  provide  a  closer  representation  the  cellular 
response  to  the  combination  of  ZA  and  radiation  in  vivo. 


Numerous  in-vitro  studies  have  been  conducted  to  determine  the  effect  of  bisphosphonate  and/or 
radiation  on  both  tumor  and  bone  cells  (1 ,  12,  32,  43,  68,  85,  88).  However,  one  of  the  major  limitations  of 
studying  therapeutic  responses  in  culture  is  being  able  to  accurately  model  the  in  vivo  exposure  to  these 
treatments.  It  has  been  calculated  that  the  typical  4  mg  dose  of  zoledronic  acid  used  clinically  in  humans, 
results  in  a  blood  concentration  around  1  to  2  pM  (1,  13).  However,  we  and  others  have  found  that  it 
takes  between  20  to  100  pM  of  zoledronic  acid  to  kill  50%  of  the  tumor  cells  (1 , 32,  85).  Although  there  is 
some  debate  regarding  the  concentration  of  bisphosphonates  at  the  site  of  a  lytic  lesion,  (800  pM  at  the 
osteoclast  bone  interface  to  <1  pM  in  the  metastatic  tumor  burden  near  the  bone)(75,  86),  we  have  shown 
that  a  relatively  low  dose  of  ZA  (5  pM)  when  combined  with  radiation  is  capable  of  inducing  apoptosis  in 
F10  cells  beyond  what  is  seen  with  radiation  alone.  These  results  strongly  indicate  that  low 
concentrations  of  ZA  are  capable  of  sensitizing  breast  cancer  cells  to  radiation  therapy. 

Bone  cells,  on  the  other  hand,  appear  to  be  considerably  more  sensitive  to  bisphosphonates.  Zoledronic 
acid  [10'8  M]  and  pamidronate  [10  pg/ml]  have  both  been  shown  to  increase  proliferation  and  promote 
osteoblast  differentiation  (72,  88).  In  the  current  study  however,  we  showed  that  slightly  higher 
concentrations  of  zoledronic  acid  [5x1 0"8  M  to  5x1 0"6  M]  were  capable  of  causing  decreased  viability  and 
mineralization  in  both  MC3T3  and  MSC  cell  lines.  Previous  studies  utilizing  primary  cell  derived  from 
human  trabecular  bone  demonstrated  that  continuous  exposure  to  0.5  or  5  pM  ZA  caused  a  significant 
increase  in  mineralization  compared  to  control  following  35  days  of  treatment,  viable  cells  displayed 
increased  mineralization  (68).  However,  they  also  report  a  significant  decrease  in  cell  viability  of  30%  to 
40%  compared  to  control  after  only  three  days  of  treatment.  Measures  of  cell  viability  at  35  days  were  not 
reported;  therefore  it  is  unclear  as  to  whether  the  cells  in  their  culture  continued  to  die  or  became 
resistant  to  the  drug.  Differences  in  mineralization  seen  in  our  study  compared  to  Pan  et  al  may  be 
attributed  to  differences  in  osteoblast-like  cell  lines  and  their  ability  to  differentiation  when  exposed  to 
bisphosphonates.  Additional  studies  using  lower  concentrations  of  ZA  (<5x10'8  M)  and  shorter  drug 
exposures  (<24  hours)  may  represent  more  realistic  in-vivo  conditions  and  help  determine  whether  or  not 
bisphosphonates  can  directly  stimulate  increased  mineralization. 

Understanding  the  interactions  between  radiation,  bisphosphonates  and  the  tumor-bone 
microenvironment  is  important  for  optimizing  clinical  treatments  and  preventing  negative  side-effects. 
When  evaluating  chemical  and  pharmacologic  agents  as  radiosensitizers,  it  is  critical  that  the  agent  not 
only  increases  the  sensitivity  of  the  tumor  to  radiation,  but  it  does  not  increase  normal  tissue  sensitivity  to 
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radiation.  Through  this  study  we  have  demonstrated  that  bone  cells,  including  marrow  stromal  cells  and 
osteoblast-like  cells,  are  considerably  more  sensitive  to  zoledronic  acid  compared  to  tumor  cells.  In 
addition  we  have  shown  that  pre-treating  these  cells  with  zoledronic  acid  prior  to  radiation  therapy 
increases  cell  death.  Therefore,  even  though  zoledronic  acid  appears  to  have  a  synergistic  affect  with 
radiation  on  breast  cancer  cells  the  effect  appears  to  be  more  pronounced  for  bone  cells.  Although 
zoledronic  acid  may  not  be  a  great  radiosensitizer,  do  to  its  effects  on  both  normal  and  tumor  cells,  it  may 
still  offer  additional  benefits  for  cancer  patients.  From  a  clinical  perspective,  it  may  be  possible  to 
decrease  the  radiation  dose  given  to  patients  who  are  taking  zoledronic  acid  and  still  maintain  a 
therapeutic  efficacy.  Future  investigations  should  focus  on  determining  whether  this  effect  can  be 
obtained  in  culture  as  well  as  in  pre-clinical  models. 


3.1.  Key  Research  and  Training  Accomplishments 

A.  Research  Accomplishments 

•  Purchase  of  a  SCANCO  pCT  40  scanner  (SCANCO  Medical,  Switzerland) 

o  Worked  with  programmers  at  SCANCO  to  develop  custom  programs  to  evaluate  the 
bone  microarchitecture  of  severely  diseased  bone 

•  Learned  how  to  do  thin  section  histology  on  bone  and  developed  a  sampling  scheme  to 
acquire  an  accurate  representation  of  the  interaction  between  tumor  and  bone 

•  Developed  a  detailed  testing  metric  for  evaluating  the  effects  of  antiresorptive  and  anabolic 
agents  on  tumor-burdened  bone  in  a  mouse  model  of  breast  cancer  bone  metastases 

•  Developed  an  in  vivo  microCT  protocol  for  imaging  nude  mice  serially 

B.  Training  Accomplishments 

•  Shadowed  Dr  Kara  Kort  M.D.,  breast  cancer  surgeon  at  University  Hospital.  Sat  in  on  patient 
consults,  reviewed  mammograms  and  MRI’s,  discussed  treatment  options  for  various  types 
of  breast  cancer  (ER+  versus  ER-,  age  of  the  patient,  family  and  health  history,  etc.). 

•  Attended  monthly  multidisciplinary  breast  cancer  conferences  with  medical  oncologists, 
radiation  oncologists,  and  surgeons  discussed  complex  breast  cancer  cases  and  treatment 
options. 

•  Attended  the  Carol  M.  Baldwin  Breast  Cancer  Seminar 

•  Attended  the  Eighth  and  Valedictory  Workshop  on  Bisphosphonates  -  From  the  Laboratory  to 
the  Patient;  Davos,  Switzerland  (March  2006) 

o  Submitted  an  abstract  (Appendix  2)  and  presented  a  poster  at  the  workshop 

•  Received  advanced  training  on  the  SCANCO  pCT  40  scanner  at  SCANCO  Medical; 
Basserdorf,  Switzerland 

•  Attended  the  VI  International  Meeting  on  Cancer  Induced  Bone  Disease;  San  Antonio,  TX 

o  Submitted  an  abstract  (Appendix  3)  and  presented  a  poster  at  the  meeting 

o  Received  a  travel  grant  based  on  my  abstract 

•  Gave  a  seminar  at  SUNY  Upstate  Medical  University  sponsored  by  the  department  of 
Neuroscience  and  Physiology  entitled  Adjuvant  Therapy  with  Zoledronic  Acid  and  PTH:  Safe 
and  Effective  for  the  Treatment  of  Osteolytic  Bone  Metastases  in  the  Mouse',  October  19, 
2006 

•  Presented  the  following  oral  presentation:  “Zoledronic  acid  restores  bone  microarchitecture 
and  mechanical  strength  to  tumor-burdened  bones  following  radiation  therapy”,  S.A. 
Arrington,  E.R.  Fisher,  J.A.  Gasser,  G.  Willick,  K.A.  Mann,  M.J.  Allen,  at  SUNY  Upstate 
Medical  University,  Department  of  Orthopaedics,  Alumni  Day  June  2007. 

•  Presented  the  following  poster:  “Zoledronic  acid  and  PTH  increase  bone  mass  and 
mechanical  strength  following  radiation  theray  for  osteolytic  bone  metastases”  S.A.  Arrington, 
J.E.  Schoonmaker,  K.A.  Mann,  T.  Sledz,  G.  Willick,  T.A.  Damron,  M.J.  Allen,  SUNY  Upstate, 
at  The  Department  of  Microbiology  and  Immunology,  Human  Disease  Models:  SCID  Mice, 
Stem  Cells,  and  Viral  Pathogenesis  symposium,  May  2007. 
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•  Attended  the  29th  Annual  meeting  of  the  American  Society  for  Bone  and  Mineral  Research, 
Honolulu,  HI,  September  2007 

o  Submitted  an  abstract  (Appendix  4)  and  presented  a  poster  at  the  meeting 


4.  Reportable  Outcomes 

4.1:  Peer  Reviewed  Publications 

1.  Arrington,  S.A.;  Damron,  T.A;  Mann,  K.A.;  and  Allen,  M.J.  (2007).  Concurrent  Administration  of 
Zoledronic  Acid  and  Irradiation  Leads  to  Improved  Bone  Density,  Biomechanical  Strength,  and 
Microarchitecture  in  a  Mouse  Model  of  Tumor-Induced  Osteolysis.  Journal  of  Surgical  Oncology 
(Accepted  November  2007) 

2.  Arrington,  S.A.;  Schoonmaker,  J.E.;  Damron,  T.A.;  Mann,  K.A.;  Allen,  M.J.  (2006).  Temporal 
changes  in  bone  mass  and  mechanical  properties  in  a  murine  model  of  tumor  osteolysis.  BONE 
38,  359-367. 

4.2:  Abstracts  and  Poster  Presentations 

1 .  S.  A.  Arrington,  B.  S.  Margulies,  E.  R.  Fisher,  M.  J.  Allen.  (  September  2007)  In  Vitro  Effects  of 
Zoledronic  Acid  Alone  or  in  Combination  with  Radiation  Therapy  on  Cells  of  the  Metastatic  Bone 
Environment.  Poster  presented  at  the  29th  Annual  American  Society  for  Bone  and  Mineral 
Research  Meeting,  Honolulu,  Hawaii. 

2.  Arrington,  S.A.;  Schoonmaker,  J.E.;  Mann,  K.A.;  Damron,  T.A.;  Sledz,  T.;  Willick,  G.;  and  Allen, 
M.J.  (May  2007)  Zoledronic  acid  and  PTH  increase  bone  mass  and  mechanical  strength  following 
radiation  therapy  for  osteolytic  bone  metastases.  Poster  presented  at  The  Department  of 
Microbiology  and  Immunology  SUNY  Upstate  Medical  University,  Human  Disease  Models:  SCID 
Mice,  Stem  Cells,  and  Viral  Pathogenesis  symposium. 

3.  Arrington,  S.A.;  Schoonmaker,  J.E.;  Mann,  K.A.;  Damron,  T.A.;  Sledz,  T.;  Willick,  G.;  and  Allen, 
M.J.  (2006)  Zoledronic  acid  and  PTH  increase  bone  mass  and  mechanical  strength  following 
radiation  therapy  for  osteolytic  bone  metastases  •  ABSTRACT  BONE  38,  Supplement  1 ,  S43 
Poster  presented  at  the  Eighth  and  Valedictory  Workshop  on  Bisphosphonates:  From  the 
laboratory  to  the  patient.  Davos,  Switzerland. 

4.  Arrington,  S.A.;  Fisher,  E.R.;  Gasser,  J.A.;  Willick,  G.;  Allen,  M.J.  (December  2006)  Zoledronic 
Acid  and  PTH  Increase  Survival  and  Quality  of  Life  Following  Radiation  Therapy  for  Osteolytic 
Bone  Metastases.  Poster  Presented  at  VI  International  Meeting  on  Cancer  Induced  Bone 
Disease.  San  Antonio,  Texas. 

4.3:  Oral  Presentations 

1 .  Arrington,  S.A.  (Dec.  12,  2007)  Effect  of  Anabolic  and  Antiresorptive  Therapies  on  Tumor 
Osteolysis.  Thesis  defense  seminar  presented  at  SUNY  Upstate  Medical  University. 

2.  Arrington,  S.A.,  Fisher,  E.R.;  Gasser,  J.E.;  Willick,  G.E.;  Mann,  K.A.;  Allen,  M.J.  (2007)  Zoledronic 
acid  restores  bone  microarchitecture  and  mechanical  strength  to  tumor-burdened  bones  following 
radiation  therapy.  Oral  presentation  presented  at  SUNY  Upstate  Medical  University,  Department 
of  Orthopedic  Surgery,  Alumni  Day,  June  2007 

4.4:  Degrees  and  Employment 

1.  Received  a  Ph.D.  in  Physiology  from  SUNY  Upstate  Medical  University  December  14,  2007 

2.  Received  an  appointment  in  the  departments  of  Biology  and  Chemistry  at  Shepherd  University, 
Shepherdstown,  West  Virginia  were  I  will  also  work  to  develop  advanced  level  courses  in  cancer 
biology. 
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5.0:  Conclusions 


Breast  cancer  metastasis  to  bone  disrupts  the  physiological  process  of  bone  remodeling,  resulting  in 
increased  bone  resorption.  Prior  to  the  discovery  of  bisphosphonates,  treatment  for  these  patients  was 
limited  to  systemic  hormonal  or  chemotherapy  aimed  at  killing  metastatic  tumor  cells,  and  localized 
radiation  therapy  to  palliate  bone  pain.  Although  these  treatments  reduce  tumor  burden  and  bone  pain, 
they  do  not  reduce  the  risk  or  incidence  of  pathological  fractures.  In  addition,  we  have  learned  that  both 
tamoxifen  and  aromatase  inhibitors,  widely  used  in  the  management  of  estrogen  receptor  positive  tumors, 
affect  bone  density  and  strength.  Therefore,  it  is  vital  that  we  increase  our  understanding  of  the 
mechanisms  underlying  bone  mineralization  and  trabecular  bone  formation  and  how  these  properties 
correlate  to  biomechanical  strength.  Only  then  can  we  develop  and  optimize  therapies  to  treat  cancer- 
induced  bone  disease. 

5.1:  Improved  Pre-Clinical  Model  of  Bone  Metastasis 

Pre-clinical  animal  models  of  bone  metastasis  are  commonly  used  to  study  the  process  of  metastatic 
disease  as  well  as  therapeutic  interventions  used  to  prevent  and  control  the  spread  of  metastatic  cancer 
cells  (44,  50,  51,  67,  91).  In  this  dissertation,  we  have  developed  and  validated  a  mouse  model  in  which 
the  effects  of  an  established  lytic  bone  lesion  in  bone  can  be  assessed.  The  goal  of  this  model  was  to 
closely  mirror  the  clinical  setting  with  respect  to  cell  type,  location  of  the  metastasis,  modalities  used  to 
monitor  disease  progression,  and  therapies  used  to  treat  bone  metastases.  In  addition,  we  also  wanted  to 
assess  bone  strength  as  an  indicator  of  fracture  risk.  Although  several  animal  models  exist,  none  of  them 
fully  recapitulate  this  clinical  approach.  The  benefit  to  developing  a  model  system  that  utilizes  similar 
techniques  to  those  used  clinically  is  that  these  methods  should  be  easier  to  translate  into  clinical  use  in 
humans. 

Since  pathological  fracture  is  a  devastating  complication  of  bone  metastasis,  we  consider  biomechanical 
strength  to  be  the  most  important  outcome  measure.  Although  a  diseased  bone  may  have  improved  bone 
density  and/or  microarchitecture,  bone  strength  does  not  necessarily  increase.  Therefore,  when 
evaluating  the  efficacy  of  therapies  it  is  important  to  determine  the  effect  they  have  on  functional  bone 
strength.  In  this  dissertation,  we  have  validated  a  new  model  of  whole-limb  torsional  testing.  Unlike 
traditional  torsional  testing,  where  both  ends  of  the  bone  are  potted,  we  developed  a  method  where  the 
proximal  end  of  the  femur  and  the  distal  end  of  the  tibia  are  potted,  allowing  rotation  to  occur  through  the 
intact  knee  joint.  In  this  test  method,  fractures  occur  through  the  diseased  area  of  the  bone.  We  have 
demonstrated  that  although  the  strength  of  normal  bones  may  be  underestimated,  since  the  ligaments 
may  sometimes  be  weaker  than  the  bone,  significant  differences  in  bone  strength  can  be  measured 
between  tumor-burdened  bones,  treated  tumor-burdened  bones,  and  normal  bones. 

X-rays,  DEXA,  and  CT  are  all  clinically  available  techniques  that  can  be  used  to  monitor  the  progression 
of  tumor  osteolysis.  Currently,  osteolytic  lesions  are  monitored  by  X-rays  and  a  weighted  scoring  system 
has  been  developed  to  predict  fracture  risk  (64).  A  similar  system  was  developed  by  Weber  et  al  for 
scoring  osteolytic  lesions  in  a  mouse  model  of  tumor-induced  osteolysis  (90).  We  adapted  this  scoring 
system  and  correlated  it  to  biomechanical  strength.  Results  from  our  studies  showed  that  lysis  ratings 
could  explain  73%  of  the  variation  in  torque  at  failure. 

DEXA  scans,  on  the  other  hand,  are  commonly  used  to  predict  bone  strength  in  patients  with 
osteoporosis.  As  this  is  a  clinically  obtainable  measure,  we  sought  to  determine  whether  or  not  bone 
mineral  density  measures  obtained  from  DEXA  scans  could  be  used  to  predict  the  strength  of  tumor- 
burdened  bones.  Regression  analysis  indicated  that  BMD  could  only  explain  41%  of  the  variation  in 
torque  at  failure  (2).  Measurements  of  BMD  do  not  appear  to  be  a  better  indicator  of  biomechanical 
strength  in  tumor-burdened  bone  and  therefore  are  not  recommended  for  clinical  assessment  of 
biomechanical  strength  in  tumor-burdened  bones. 

The  development  of  pCT  scanners  has  greatly  enhanced  our  ability  to  study  the  effects  of  disease  and 
therapies  on  bone  microarchitecture.  It  is  well  known  that  trabecular  bone  undergoes  remodeling  in 
response  to  mechanical  forces  (61),  and  is  significantly  affected  in  diseases  where  the  balance  between 
bone  resorption  and  bone  apposition  is  disrupted.  We  hypothesized  that  loss  of  trabecular  bone  causes  a 
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significant  decrease  in  biomechanical  strength.  We  were  able  to  demonstrate  that  although  bones  treated 
with  radiation  therapy  exhibited  significantly  higher  bone  mineral  density  and  total  bone  volume  compared 
to  untreated  bones,  they  were  not  significantly  stronger  (see  Chapter  III).  However,  both  the  untreated 
and  irradiated  tumor-burdened  bones  had  significantly  lower  trabecular  bone  compared  to  normal.  These 
results  suggest  that  therapies  that  can  preserve  or  restore  trabecular  bone  may  be  effective  at  restoring 
biomechanical  strength. 

Although  the  studies  conducted  in  this  dissertation  were  not  amenable  for  direct  analysis  between  bone 
microarchitecture  and  strength,  our  laboratory  is  currently  developing  a  methodology  for  determining  bone 
strength  using  pCT  scans  and  computational  techniques  (59).  Utilizing  our  murine  model  of  tumor- 
induced  osteolysis  to  obtain  a  wide-range  of  lesion  sizes,  we  compared  the  accuracy  of  radiographic 
scores,  BMD  measurements  obtained  from  DEXA,  and  direct  CT  voxel-based  finite  element  analysis 
(CT/FEA)  to  predict  the  bone  strength.  Direct  axial  compression  of  the  distal  femur  was  performed  to 
assess  biomechanical  strength  that  could  also  be  modeled  using  FEA.  Based  on  these  tests  we  were 
able  to  demonstrate  that  specimen-specific  CT/FEA  resulted  in  the  highest  prediction  of  bone  strength 
(r2=0.91).  Future  studies  will  focus  on  predicting  the  strength  of  tumor-bearing  bones  treated  with  various 
therapies. 

Further  development  of  this  imaging  modality  has  powerful  clinical  potential.  Currently  clinicians  rely  on  X- 
rays  and  Mirels  scoring  system  to  predict  risk  of  pathological  fracture.  However,  this  method  has  low 
specificity,  with  approximately  two-thirds  of  patients  undergoing  unnecessary  internal  fixation  when  Mirles 
criteria  are  strictly  applied  (20,  64).  Presently,  the  long  scan  times,  dose  of  radiation,  and  large  model  size 
prevent  direct  application  CT/FEA  for  predicting  bone  strength  in  human  patients.  However  with 
advancements  in  computer  technology,  this  approach  may  provide  clinicians  with  a  more  reliable  modality 
for  predicting  fracture  risk  in  the  near  future. 

5.2:  Zoledronic  Acid  and  Bone  Metastases 

Zoledronic  acid  (ZA)  is  the  most  potent  bisphosphonate  approved  for  use  in  patients  with  bone 
metastases  and  has  been  shown  to  significantly  decrease  skeletal  complications  in  clinical  trials.  The  goal 
of  the  present  work  was  to  determine  the  effects  that  ZA  had  on  the  progression  of  tumor-induced 
osteolysis,  bone  microarchitecture  and  biomechanical  strength  when  combined  with  radiation  therapy.  We 
were  able  to  demonstrate  through  serial  radiographs  and  DEXA  scans  that  tumor-bearing  bones  treated 
with  radiation  therapy  and  ZA  were  able  to  maintain  bone  mineral  density  that  was  not  significantly 
different  from  normal  from  the  start  of  treatment  to  the  end  of  the  study.  This  is  in  contrast  to  bones  that 
were  only  treated  with  radiation  therapy,  which  showed  a  significant  decrease  in  bone  mineral  density 
compared  to  normal  bones  within  three  weeks  following  therapy.  This  change  in  mineralization  was  also 
observed  on  radiographs.  However,  it  should  be  noted  that  in  a  pilot  study,  where  mice  with  established 
lesions  were  treated  with  ZA  alone,  tumor  osteolysis  was  not  prevented  and  there  was  not  a  significant 
difference  between  untreated  and  ZA  treated  tumor-bearing  bones  with  respect  to  total  bone  volume. 
Therefore  it  is  not  recommended  that  ZA  be  used  as  a  stand-alone  therapy  for  the  treatment  of  an 
established  bone  metastasis. 

5.3:  The  Role  of  Anabolic  Therapy 

Anabolic  therapy  has  been  used  successfully  in  the  treatment  of  osteoporosis  (21).  Although  the  use  of 
anabolics  in  treating  cancer  related  disease  is  contentious,  we  sought  to  determine  whether  additional 
benefits  in  bone  microarchitecture  and  strength  could  be  obtained  through  a  combined  anti-resorptive  - 
anabolic  therapy.  Currently,  there  is  no  evidence  that  bisphosphonates  can  make  bone.  Relative 
increases  observed  in  bone  mineral  density  (compared  to  normal  bone)  in  both  clinical  and  pre-clinical 
studies,  can  be  attributed  to  decreased  resorption  and  filling  in  of  the  remodeling  space.  Therefore,  it  may 
be  advantageous  to  include  an  anabolic  agent,  which  has  the  capacity  to  form  new  bone. 

Parathyroid  hormone  (PTH)  plays  a  critical  role  in  calcium  homeostasis  through  its  actions  on  the  bone, 
kidney,  and  intestine  (10).  Physiologically,  when  Ca2+  serum  levels  decrease,  parathyroid  cells  increase 
the  secretion  of  PTH  which  leads  to  increased  bone  resorption.  PTH  stimulates  osteoclastic  bone 
resorption  by  binding  to  its  receptor  (PTH1R)  located  on  mature  osteoblasts.  This  action  causes 
osteoblasts  to  produce  receptor  activator  of  nuclear  factor-xB  ligand  (RANKL)  which  binds  to  its  receptor 
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(RANK)  on  osteoclastic  precursors.  This  leads  to  the  formation  of  mature  osteoclasts.  Under  normal 
conditions,  the  rate  of  bone  resorption  is  balanced  by  bone  formation.  However,  chronic  exposure  to  high 
levels  of  PTH  can  disrupt  this  balance  and  cause  net  bone  loss.  Conversely,  intermittent  exposure  to  low 
doses  of  PTH  (too  small  to  affect  serum  calcium  concentrations)  promotes  bone  formation  and  can 
increase  bone  mineral  density  (46).  Although  the  mechanisms  for  this  anabolic  effect  are  not  fully 
understood,  it  is  known  that  PTH  reduces  the  prevalence  of  apoptosis  in  osteoprogenitor  cells  and 
osteoblasts  (46)  and  has  been  found  to  activate  bone  lining  cells  into  active  osteoblasts  (25).  Based  on 
the  anabolic  affects  of  intermittent  PTH,  recombinant  human  parathyroid  hormone  (PTH  1-34,  Forteo) 
was  developed  by  Eli  Lilly  and  Company  for  the  treatment  of  osteoporosis  (21). 

When  treating  osteolytic  bone  diseases,  such  as  osteoporosis  or  metastatic  breast  cancer,  the  goal  of 
therapy  is  to  preserve  the  bone  and  prevent  pathological  fracture.  For  cases  of  severe  osteolysis  it  may 
be  beneficial  to  combine  the  anti-resorptive  properties  of  bisphosphonates  with  the  anabolic  properties  of 
intermittent  PTH.  Several  studies  have  been  conducted  both  clinically  and  in  animal  models  to  determine 
the  effect  of  combining  hPTH  (1-34)  with  a  bisphosphonate  (18,  35,  62).  However,  the  results  of  these 
studies  have  been  inconclusive,  with  some  stating  that  the  effect  of  PTH  is  blunted  due  to  decreased 
bone  resorption  caused  by  the  bisphosphonates,  while  others  report  that  its  actions  are  unaffected.  The 
goal  of  the  current  study  was  to  determine  whether  PTH  was  capable  of  improving  bone  microarchitecture 
and  biomechanical  strength,  when  combined  with  ZA  and  radiation  therapy. 

Using  our  model  of  tumor-induced  osteolysis,  we  have  demonstrated  that  treatment  with  hPTH  (1-34)NH2 
and  ZA  as  adjuncts  to  radiation  therapy  was  effective  in  of  significantly  increasing  bone  mineral  density, 
total  bone  volume,  and  trabecular  thickness  compared  to  normal  bones.  No  statistical  difference  was 
found  between  normal,  radiation+ZA,  and  radiation+ZA+PTH  bones  with  respect  to  mechanical  strength 
or  fractional  trabecular  bone  volume.  These  results  support  our  hypothesis  that  mechanical  strength  is 
closely  linked  with  trabecular  bone,  rather  than  total  bone  volume.  However,  it  should  also  be  noted  that 
on  average,  tumor-burdened  bones  treated  with  radiation+ZA+PTH  required  less  energy  to  reach  failure 
compared  to  radiation+ZA  and  normal  bones.  This  may  be  due  to(58,  65,  78)  differences  in  mineralization 
which  would  affect  the  material  properties  of  the  bone.  Although  PTH  may  not  be  the  ideal  anabolic  agent 
for  the  treatment  of  bone  metastases,  our  results  demonstrate  that  such  agents  may  provide  an  effective 
mechanism  to  increase  functional  bone  strength.  Continued  research  investigating  the  efficacy  of  other 
potential  anabolics,  such  as  those  that  directly  stimulate  bone  morphogenic  proteins  (BMPs)  (15)  or 
prostaglandin  EP4  antagonist  (58,  65,  78),  is  warranted. 

5.4:  Cellular  Sensitivity  to  Radiation  and  Zoledronic  Acid 

The  role  of  bisphosphonates  as  anti-tumor  agents  has  been  studied  by  various  laboratories  in  both  in- 
vitro  and  in-vivo  systems.  We,  along  with  others,  have  shown  that  a  concentration  of  20  to  100  pM  of 
bisphosphonate  is  required  to  induce  a  50%  decrease  in  cell  viability  (1,  32,  43,  77).  Although  the  exact 
concentration  of  bisphosphonate  that  a  tumor  cell  would  be  exposed  to  is  unknown,  clinical  studies  report 
a  blood  concentration  around  1  to  2  pM  based  on  a  4mg  dose  of  zoledronic  acid  (1,  13).  However,  recent 
studies  have  shown  that  after  four  years  of  treatment  with  ZA  (4  mg/month),  the  bone  level  would  be 
around  70  nmol/gram  of  bone  [ref].  In  the  event  that  bone  is  resorbed,  it  is  not  unreasonable  that  tumor 
cells  could  be  exposed  to  toxic  levels  of  ZA.  Studies  on  osteonecrosis  of  the  jaw  due  with  respect  to 
bisphosphonate  have  shown  that  a  toxic  effect  is  observed  in  epithelial  cells  at  1  nmol/ml  (71).  Therefore, 
it  may  be  possible  for  bisphosphonates  to  induce  cell  death  in  tumor  cells  at  sites  near  active  bone 
resorption. 

The  interaction  between  bisphosphonates  and  osteoclasts  is  well  known,  however  the  effect  of 
bisphosphonates  on  other  bone  cells,  including  osteoblasts  and  marrow  stromal  cells,  are  not  fully 
understood.  Recent  studies  have  shown  that  osteoblasts  appear  to  be  more  sensitive  to  bisphosphonates 
then  tumor  cells,  showing  increased  proliferation  and  mineralization  at  a  very  low  concentrations  (10  8  M 
ZA).  However,  slightly  higher  concentrations  around  0.5  to  5  pM  appear  to  cause  increased  cell  death 
(see  section  3.2)  (68).  Since  osteoblasts  are  attracted  to  areas  of  active  bone  remodeling,  it  is  probable 
that  these  cells  could  be  exposed  to  a  reasonable  concentration  of  bisphosphonate;  and  therefore 
increase  mineralization  in  the  area  around  newly  resorbed  bone. 
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In  addition  to  the  direct  effects  of  bisphosphonates  on  cell  death,  it  has  been  proposed  that  they  may  also 
sensitize  cells  to  radiation  (1).  In  this  dissertation  we  have  shown  that  zoledronic  acid,  at  a  concentration 
of  5  pM,  combined  with  10  Gy  radiation  was  capable  of  decreasing  cell  viability,  increasing  caspase 
activity,  and  increasing  G2/M  arrest  compared  to  radiation  alone.  Therefore,  administering  zoledronic  acid 
prior  to  radiation  therapy  may  enhance  tumor  cell  sensitivity  to  radiation.  Further  studies  are  warranted  to 
determine  whether  this  is  an  additive  or  synergistic  effect.  If  we  can  demonstrate  that  tumor-burdened 
bones  treated  with  zoledronic  acid  and  lower  doses  of  radiation  are  still  capable  of  regaining  near  normal 
bone  microarchitecture  and  biomechanical  strength,  this  would  have  a  huge  impact  on  the  clinical 
treatment  of  human  patients  by  decreasing  the  adverse  side  effects  of  high  doses  of  radiation. 

5.5:  Conclusions  and  Future  Directions 

Taken  together,  the  results  of  our  in-vivo  studies  have  shown  that  our  model  provides  a  relevant  platform 
for  investigating  therapeutic  treatments  for  osteolytic  bone  metastases.  Clinically  relevant  screening 
techniques  and  therapies  are  easily  applied  to  this  model.  In  addition,  we  are  able  to  evaluate  functional 
outcomes,  such  as  biomechanical  strength,  which  are  not  easily  obtained  through  clinical  studies. 
Adapting  the  techniques  used  in  this  model  system,  more  robust  screening  methods  can  be  developed 
and  rapidly  translated  to  the  clinical  setting.  We  have  shown  that  trabecular  architecture  appears  to  play  a 
critical  role  in  bone  strength,  therefore  if  we  can  correlate  key  trabecular  structures  with  biomechanical 
strength,  physicians  may  be  able  to  use  CT  scans  to  more  accurately  predict  impending  fractures  in 
patients  with  bone  metastases. 

The  development  of  in-vivo  pCT  scanners  also  adds  an  exciting  dimension  to  the  study  of  bone 
metastases.  At  the  start  of  this  dissertation  ex-vivo  specimen  pCT  scanners  were  a  novel  method  for 
studying  bone  microarchitecture;  now  three  years  later,  they  are  an  essential  part  of  any  bone  study. 
Although  these  systems  allowed  us  to  evaluate  the  effects  of  disease  and  treatments  on  bone  at  the  end 
of  a  study,  they  did  not  allow  for  study  of  disease/treatment  progression.  Today,  in-vivo  pCT  scanners 
allow  for  statistically  more  robust  experiments  with  fewer  animals  due  to  the  ability  to  perform  paired 
analyses  with  decreased  variability  between  groups.  In  this  dissertation  we  have  developed  at  protocol  for 
using  an  in-vivo  scanner  to  follow  the  progression  of  tumor  induced  osteolysis  in  our  mouse  model. 
Future  studies  will  continue  to  build  on  this  protocol  and  these  should  allow  us  to  determine  the  strength 
of  tumor-burdened  bones  at  the  time  of  treatment  and  throughout  the  course  of  the  study  by  correlating 
serial  CT  data  with  biomechanical  analysis.  However,  ex-vivo  pCT  still  provides  a  better  platform  for 
detailed  analyses  of  microarchitecture. 

Although  the  studies  conducted  in  this  dissertation  focused  on  a  single  breast  cancer  cell  line,  it  should  be 
noted  that  this  model  is  amenable  to  studying  other  primary  tumors  that  metastasize  to  bone,  including 
prostate  and  renal  cancer,  as  well  as  primary  bone  tumors  including  osteosarcoma  and  Ewing’s  sarcoma 
(60).  The  outcome  measures  utilized  in  our  studies,  including  X-rays,  DEXA  scans,  pCT,  and 
biomechanical  testing,  are  all  applicable  to  studying  these  various  types  of  tumors.  In  addition,  advances 
in  molecular  biology  that  aid  in  the  development  of  cell  lines  that  stably  express  fluorescent  and 
bioluminescent  genes,  such  as  GFP  and  luciferase,  will  allow  for  the  quantification  of  tumor  burden  over 
time  and  in  response  to  therapies.  Taken  together,  we  have  developed  and  validated  an  in-vivo  model 
system  that  can  be  utilized  to  study  the  physiology  of  tumor-induced  bone  disease,  to  establish  efficacy  of 
new  therapies  for  treating  bone  metastases,  and  to  develop  and  validate  new  screening  modalities  to 
assess  fracture  risk  that  can  be  easily  translated  to  the  clinical  setting. 
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